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ymoDacnoB 

precision  detertBinatioB  of  detonation  reloeity  in  solid 
exi^osireo  presents  special  dlff icxxlties  not  associated  vlth  liqxild 
sod  {|psseo^ls  explosives.  In  partlciilarf  the  xaroblen  of  homogeniety 
with  respect  to  density  and  cosapoaltlon  is  peculiar  to  solids, 
Fartlela  sIsm  distribution  also  has  an  effect  on  detonation  velocity 
vhleh^  ol  course,  is  not  encountered  in  homogenous  explosives.  These 
factors  especially  must  be  rigorously  controlled  in  order  to  adhieve 
the  desired  confidence  Intervals  in  our  detonation  velocity  studiea. 

To  accoB^plieh  our  ala  of  the  hipest  degree  of  honogeneity 
chtainabla,  a great  deal  of  developmaoit  work  has  been  done  in  the 
past  few  years.  The  varloxia  developBant  phases,  to  m&ntion  only  a 
fer,  hove  Included  de^iign  engineering,  instrumentation,  I’heologleal 
studies,  casting  techniques,  pressing  techniques,  analytical  methods, 
cu3d  data  analysis.  Obviously,  all  of  this  vork  cannot  be  treatel 
vithin  the  scope  of  this  paper;  therefore,  this  discicsslon  is  limited 
to  casting,  pressing,  sacblniBg  and  inspection  techniques. 

Sooe  uetonation  velocity  data  arr  presented  tc  shov . the 
degree  of  precision  cbtained. 


cAamo 

A cos^ete  description  of  the  casting  techniques  used  on  the 
varloiL.  esqploalves  studied  here  at  Los  Alamos  Scientific  laboratory 
vould  be  needlessly  long.  I have,  therefore,  selected  '*Qrade  V Nev 
CoBipoBltlon  B*  produced  by  Eolston  Defense  Corporation  as  being 
represents tive  of  a topical  ordnance  ej^losive  and  vill  describe  the 
experimental  methods  and  techniques  related  to  detonation  velocity 
studies  oo  this  material  in  some  detail.  Other  cemmon  cast  explosive' 
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bstf*  been  thoroughly  studied  but  the  technlqyee  IsxbqIsmIL 

gti^rnlSy’ HfTwr  ooHy  in  detail^  not  la  principle^  , ' 

Melt  ^^eparetlott  ^ 

We  use  30-  or  50-galIoa  vacuum  melt  kettles  to  melt  our 
explosive.  For  modt  precise  deton&tLoa  velocity  vork,  smaller  kettles 
^rodwem  S0  sBdeelrsbl*  vartrtdlity  because  aetertl  aelte  aa^'ber 
required  to  prepare  enough  material  to  co&^ete  an  experlaeat« 

Our  kettles  ere  eqvilpped  vita  two  agitators,  ea^  with  a 
variable  speed  control.  One  of  the  agitators,  a large  BZ»chor«>t3fpe, 
conforms  to  the  hemispherical  contour  of  the  Jacketed  kettle  bottom 
and  the  blades  trs  pitched  so  as  to  lfflpe'<*t  an  upward  laovenent  to  the 
sell.  The  second  agitator,  a smaller  turbine-type,  is  offset  and  at 
au  angle  from  center.  This  turbine  stirs  in  opposition  to  the  anchor. 

The  teog>erat'.tre  of  the  melt  is  controlled  by  a sensitiva 
hot*  and  cold-water  proportioning  system  suj^plylng  circulating  water 
to  the  Jacket  and  capable  of  holding  the  teagperature  of  the  sielt  to 
•»  1*9.  During  cbe  melting  operation  the  tenipdrature  differential 
between  the  Jacket  and  melt  is  kept  to  a mini  mum  to  prevent  local 
overheating. 

A vacuum  system  is  tused  which  can  maintain  the  kettle  at 
pressures  as  low  as  25  sm  Bg.  Figure  1 is  a siiz^lif  led  Ulostration 
of  a melt  kettle.  . " 

Ve  conduct  a series  of  esqperlaents  to  determine  the  optimum 
melting  procedure  and,  for  any  8Ubseq>»ezxt  experimeiit,  the  different 
steps  and  conditions  are  exactly  specified.  Attention  is  paid  to  the 
effect  of  variations  in  time,  teiQKrature  and  speeds  of  agttatloo 
since  they  ^udoubtedly  affect  the  rheology  of  the  melt  la  a eonplex 
fashion-  It  is  known  for  Invtance  that  the  particle  sise  distrlbutlom 
of  RrOC  in  CoBposltlon  B and  the  attendant  apparent  viscosity  la 
sensitive  to  the  malt  procedure.  Long  periods  of  unduly  hlg^- 
tempcrature  stirring  tend  to  eliminate  the  finer  REK  crystals, 
presumably  through  preferential  solubility  in  the  liquid  Till  phase 
and  then  redeposition  on  the  larger  RDl  crystals. 

Our  procedure  for  melting  a 275'*lb  batch  of  CoBapositlcn  B In 
a 30-gallon  kettle  allows  one  hour  melting  time  and  subsequently 
30  minutes  of  stirring  at  25  mm  absolute  pressure.  Jacket  teng>erature 
is  at  a maximum  of  110*C  when  i&eltlng  is  started  and  automatically 
reduces  to  63*  by  the  time  melting  is  cosq>leted.  The  anclxur  agitator 
operates  at  30  ipm  end  the  turbine  at  100  rpm. 

Casting 

Efforts  to  cast  cylindrical  charges  of  the  desired  diameter 
for  rate  sticks,  even  with  long  riser  sections,  have  been  abandoned. 
Our  molds  are  designed  with  the  Idea  of  achieving  minimum  coiqposltion 
and  density  spreads  within  a region  of  the  casting  large  enough  to 
Include  a maber  of  rate  sticks.  The  casting  is  sawed  into  sections, 
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tte  poorest  r^etloite  discorded^  aad  tbe 
itx  piecetk. 


sticks  sBchlned  ofot  of  tlis 


- -A 


Tl)s  sold  aeed  to  prodoee  the  costings  for  aost  of  otir  experl- 
is  lUnstrsted  in  Figure  2.  Gils  sold  aekes  a slsh  approxlmtely 
d-lx»cbes  hl^  and  12  x 1$  laches  on  a side.  Both  the  top  aad  hottoa 
heat  trsasfer  sectioB  of  the  ndld  are  supplied  vlth  ladlvldaallgr 
pcogxaa-coatroUsd  circulating  vstear.  t'espsamtiaws  sire  aalutislBB*- 
vlthln  o 2*C  aai  cycle  tlnlag  eontralled  nittla  ^ f Bioates.  Tbm  side 
vails  sn  aede  of  a liwtnated  cloth  Inpregescted  vith  pheno^e  resla 
(MtLcsrta)  ^dileh  serve  nore  at  lesa  aa  an  lasulator  and  prevent  freesing 
free  the  aides  Inarard*  The  rest  of  naUl  is  node  of  24SI  dural. 


Zh.  our  procedure  for  Coeposltion  B we  preheat  tbs  sold  to 
90*C  (at  Issst  two  hstars  axe  required  for  the  IS.csrta  side  vails). 
Pouring  is  dons  ^ aad  care  la  taken  te  Insure  that  little  or  no 
air  is  entrapped.  The  nelt  la  alloved  to  sebtla  In  the  sold  for  tvo 
hours  with  the  top  pleta  at  Q5*C  aad  hottoa  plate  at  90*C.  During  this 
tine  the  XUS  settles  to  its  eqa^hrtuaa  pocking  arzangeuent  la  tbs 
fluid  S3«  At  the  end  of  ttao  two-hour  settling  period,  tecperaturo  is 
tha  bottoa  plats  is  redxtsed  to  50*C  and  Cceexing  froa  the  bottca 
started.  Tvo  hours  later  tesperatura  in  the  hottoa  plates  la  f urthar 
redoc^  to  30*C  and  hoH  for  an  additional  aix  hours.  During  this  tea 
houre'the  top  plate  resilns  at  65*C.  Bext,  the  top  plate  Is  levered  to 
60*C  and  tha  tvo  plates  held  at  thelr>  respective  temperatures  for  six 
hours  sore,  at  irtiieh  tins  the  tecQpered  vater  supply  to  the  top  plate  la 
cut  off.  Toeperatnre  of  the  hottoa  plate  is  salntalned  at  30*C  for  six 
additional  hours  and  finally  tamed  off.  Three  hours  later  the  boH  ia 
disassex^bled,  the  eostlag  xesoved,  placed  is  aa  Insulated  box  aad 
alloved  to  rexxlB  for  at  least  tselve  addlttOBal  boixs.  Tbs  top  half 
of  the  slab  ia  then  saved  off  and  discarded.  The  reaalgder  of  the 
Blah  Is  sov  ready  for  the  sawlBg  aad  — "Vvrtngi 


This  rather  involved  procedure  la  the  result  of  a dereZopoMut 
progras  ia  vhich  various  tine  and  temperature  cycles  vere  tested  and 
the  eptiaas  procedure  selected  on  the  basis  of  the  radlogzaphle 
Inspeetioa  as  veil  cm  the  results  of  a statistical  analysis  of  eonposi- 
tion  and  density  spreads.^  Seusple  plugs  vere  reaaored  fros  representative 
eastings  aad  subjected  to  a subcsrslon  density  check  and  a ehenlcal 
eofiposltloB  analysis.  Tfaha  ve  deteralned  that  the  casting  procedure 
desex^bed  In  the  preceding  paragraph  has  a certainty  of  producixig, 

. over  the  lover  four-ln.  thickneaa,  a casting  vlth  BTuclajH  density 
spreads  of  0.010  oa/ee  and  eoeposltloa  spreads  of  2*3^  RDX. 

The  procedure  described  ia  for  CoEqjoGltlon  B containing  0»j$ 
of  an  additive  vhich  la  a 5o/^0  velght  uixture  of  o-nitrotoluene  cuid 


p-Bltrbtoluene.  These  additives  fora  a eotetle  vlth  TST  which 
apparently  contributes  a great  deal  toward  xaklog  strain-free  castings. 
Sistilar  easting  procedures  have  been  vorked  out  vlthout  any  cuiditlve 
but  .they  are  auch  aore  tlne-oanavzalng. 


JiMn» 


The  lUxaueta  ftidtt  vails  pla^yve  baHema,  a ztrXe  tn  mlrtng  a 1 
wrT9  car  less  straln''rree  castiag.  Their  lor  heat  uoBdvtetivlty  ipJovs 
the  liquid/solid  Interface  to  aove  as  a plane  from  Vtb  hottoa  at  the 
easting  boU  upward  during  the  freezing  process.  At  least  this  is 
true  for  the  first  four  inches*  After  the  first  four  inches  art 
frozen^  «e  are  hot  such  concenaed  vith  the  ^;vpex  xegihEftr  taoBfOpr^  ttah>  I 

Ite*  iqppsr^  K^gfor^  ff  fivien.  too  fast^  can  Induce  strain  in  the  loser 
seetfoa.  Wh  deduce  this  fr«^eziag  pattern  by  observing  the  orientation  | 
of  the  T1?F  crystals  at  various  levels  of  the  casting.  Ve  also  observe  i 
That  vhen  freezing  is  deliberately  induced  froa  the  sides  Isvard^  a 1 
strained  casting  results.  Suaerous  cracks  are  invariably  present  and  ^ 
if  the  casting  la  subjected  to  even  adnor  teaoperature  variations  there  | 
Is  a tendency  for  it  to  warp.  I 

Our  concern  vlth  s train-free  eastings  has  to  do  with  a desir^ 
to.poroduee  diarges  vith  little  or  no  tendency  to  devel;^  cracks  betira«d 
the  tine  they  are  fabricated  and  fired.  It  is  clc«a‘  that,  should 
ezw  ^ks  develop  after  dlnenslonal  inspection^  the  inspection  resmfer 
axe  oo  longer  toe  true  aeasure  of  the  diaenslons  of  the  test  charge. 


HOSSSIXO 

' 

At  Los  Alanos  Scientific  laboratory  ve  have  studied  a nuaher 
of  foTBulatians  slnllar  to  Coszpositlon  A but  vith  a variety  of  other 
hinders.  Those  vith  a relatively  high  softening  point  sees  preferable 
when  the  purpose  is  to  produce  charges  of  puriaua  q^nlltx*- 

Most  of  these  esgpdosives  are  Bade  by  a slurry  process  sTeTTar 
in  principle  to  the  process  used  in  the  sanufaeture  of  Coepoaitioa  A*. 
wh«n  very  hi^  mwifeiMg  point  hinders  are  used  It  is  convenient  to  dis-  | 
solve  the  binder  in  a suitable  solvent.  The  solution  Is  then  added  to  ; 
a violently  agitated  aqueous  dispersion  of  RISC.  The  solvezt  Is  then 
stripped  froo  the  slurry’  by  distlUatlra.  SubBequc&tl:'  the  slurry  is  ; 
filtered  and  then  dried.  This  process,  if  properly  controlled  for  the 
specific  vaz,  produces  msrc  or  less  spterieal  granules  about  1 m in 
disaeter. 

I 

Such  explosives  are  B»st  conveniently  fabricated  by  cospres*  | 
Sion  aolding  in  an  evacuated  die.  Certain  of  thi.  Inherent  difficulties  i 
of  cast  explosives , such  os  toe  bettllng  problen  and  attendant  coiBposi-  j 
tloQ  Inhonogenlety,  either  do  not  exlit  or  are  of  a ruch  ssaller  degree 
In  pressed  explosives.  In  fact,  ve  have  seldoa  been  aVle  to  deaoxistrata 
cooposltiorvil  variation  vltbln  a single  pressing.  Usually,  analytical 
diffeirences  are  of  the  saae  order  of  angnitude  as  the  erz'ors  of 
analysis,  asd  statistical  tests  sbov  no  slgoificance  in  the  cMpositlona! 
spreads  reported. 


The  story  of  density  spreads  is  sonsevhat  different.  Large 
density  spreads  are  observed  if  pressing  Is  done  vithoub  evacuating 
the  iBKild  cavity.  A considerable  ox&ount  of  developscnt  work  has  gone 
into  varioxxs  techniques  of  aolding  and  ve  have  concluded  that  only 
vacuuB  gapiAing  vlU  produce  the  charges  of  sufficiently  high  quality 


tor  sreciaioa  dietoitatloa  velocitsr  vtsxk« 


Figure  3 lUiustrates  ox»e  of  two  ^pe^cf  v&c\xua  in  use 

here-  fear  ehergo  preparation  In  detcsatlon  velc^-^  eWMee*  Tbo 
mldfng^  paroeeee  la  qjcdte  alalLar  to  conventional  coapreeeioa  ■*<>'> 
used  la  the  plaatlee  industry^  the  princlpr'  difference  being  in  the 


The  Bold  is  constxticted  of  steel  except  for  the  punches 
and  the  aetal  laaedlatexy  surrounding  t^  die  cavity.  These  are  aade 
of  **Crocar",  a hl^  alloy  oil-hardening  tool  steel*  The  "Croear"  is 
hardened  to  Rockwell  57  * 2C.  The  xaold  sxnrfaces  are  polished  to  a 
idrror  finish.  This  hig^  polish  contributes  to  easy  ajeetlon^  The 
Isold  is  chaahered  to  permit  water  circulation  througpl  both  the  top  and 
bottom  punch  as  wall  as  around  the  die  cavity.  VacuuB  ig  dooe 

with  the  "0"  rtnga  illustrated.  Clearaneea  between  punches  and  die 
are  of  the  order  of  one  bU  per  inch  dlSBeter* 


The  heat  transfer  system,  la  similar  to  the  one  used  la 
easting  and  capable  of  equally  precise  temperature  control.  It 
operates,  however,  at  an  Input  pressure  of  95  psia  and  a suction 
pressuirr  of  55  pai;  therefore,  teaperatures  up  to  150*C  are  attainable. 

The  mid  is  Installed  on  an  Blaes  300-ton  coaqpression-Bolding 
preea  equipped  with  a semi-autosatxc  control  circuit.  After  loading 
the  said  with  Molding  powder  the  operator  haa  only  to  Start  the  cycle. 
The  rest  of  the  opt^zation  la  autocaticaLlly  controlled  by  a seriaa  of 
relays  and  time  cloche#  In  this  way,  hbsolute  unlfomity  of  tiBlag 
is  insured. 

Heating  exploaives  powder  in  the  mold  is  rather  vaateful 
siv'n  the  mold  is  more  cfficientl.y  utilised  in  actml  jiressing.  There- 
xore,  we  preheat  our  powder  ijii  treejns  to  a teoqperatxne  depending  on  tbs 
formulation  in  a steam-heated  foio^-draft  oven.  When  a fairly  rigid 
binder  is  used,  teiqieratures  as  high  as  115*0  may  be  necessary*  Tbs 
powder  is  transferred  to  the  mold  at  the  sane  temperature  and  tbs 
remotely-controlled  pressing  cycle  begun.  The  press  ram  carrying  the 
lower  punch  and  the  die  advances  to  a prepress  pcsltion,  thereby  com* 
pactlng  the  pewder  slightly.  After  five  seconds,  the  ram  i.'etrocts  to 
evacuation  position.  A poppet  valve  in  the  upper  punch  opens 
evacuation  begins  at  a slow  rate  through  a throttled  vacuua  line.  Tbs 
piepressing  and  throttling  are  both  Intended  to  xslnlmize  entrainment 
of  molding  powder.  At  the  end  of  15  seconds,  the  density  of  the 
residual  air  being  puszpcd  out  is  sufficiently  low  so  that  entrainaent 
ceases  to  be  a problem.  At  this  time,  full  vacuua  is  applied  azvi  at 
the  end  of  one  minute  total  evacuation  time,  the  absolute  pressure  Im 
the  mold  cavity  has  been  reduced  to  less  than  1 za  Hg.  The  press  now 
goes  on  cosspression  stroke  siBultaneoxisly  with  the  closing  of  the 
vacuum  v¥ilve.  Pressure  applied  is  usually  aroimd  13,000  pel.  Fifteen 
secondR  are  required  to  eocqiletely  close  the  press.  The  leak  rate  of 
the  mold  at  1 sia  Eg  is  about  0.1  cm  Hg  per  minute,  so  during  the 
fifteen  seconds  elapsing  after  the  vacuum  is  cut  off  and  fall 


ccupi'e— lott  oecttr»»  thr  pz’csaiu’ft  rise  la  iasl^alflcaAt,  Tha  w«aew% 
dvell  laata  £0  Mccnd*.  At  the  ead  of  the  cycle,  the  preaa  rta 
ritxeets  aadt  the  aoieied  <Attr8ft  is  eotontleal?^  ejected.  If  aa  mr0>^ 
joriate  InlMai  Molding  teaipentture  has  been  salected  the  charge  IsV  d 

J*"***?"”*  ^ matelMtly  rigid  te  b. 

It  ie  then  coded  slcwly,  either  by  vrapping  in  an  hlaaket 

oe  pdaeiagttt  ait  inmlated  box.  Cooling  uanoUy  to  houra  or 

^hia  ahw  annllTig  ia  Motsaarar  oa^  vhe&  eSaagaa  ms-  ivaessib>^ 
Certain  onqpocltioiis  sz«  Im  sensitive  than  others  to  **yTr—'» 
and  therefore  even  the  largest  ohargea  do  not  require  any  aneeial 
handling  during 


Just  aa  vlth  cast  charges,  ve  reqMire  that  a uaabla  nreasad 
oharge  shall  be  free  of  cracks. 


The  procedure  deacribed  above  is  qplte  genatui  for  Moat  Toxi 
latiooa.  7flr  example,  Coopositioa  A vith  vax  of  the  usual 
point  is  pressed  by  saoactly  the  sazcs  procedure  except  the  temratwa 
need  not- be  above  70*C  ad  indeed  densities  of  I.63  gq/co  are  readily 
attained  by  preaaing  Co^poaitlon  A at  rooa  teaperature» 


We  have  had  sore  suecesa  in  pressing  hlgh-^zuallty  than  «e 
have  ^ with  caating.  Ve  are  able,  routinely,  to  press  to  a denalty 
of  1.62  giVee  and  for  us  to  obtain  an  equivalent  density  with  cast  JWt 
bas  been  a sntter  cf  occasional  rare  luck,  the  pressing  procedure  for 
nz  is  identical  to  the  one  outlined  above  except  that  vt  usa  a 70*C 
preheat  nod  70*C  nald  1 'qperature.  In  the  case  of  THT.  t««ara;'aKes 
vast  not  exceed  7S*C  or  qqb  local  a»iMng  vnx  occur.. 


The  specific  procedure  described  is  by  no  naans  ths  only  oai 
vhich  can  be  used' to  noks  high-quality  charges.  ^ procedure  narely 
happens  to  suit  our  particular  equipesxt  ad  in  the  interestsoT 
reproducibility  it  la  rigorously  observed.  The  procedure  vorka  v>U. 
on  very  large  pteaaings  ad  has  been  successfully  used  on  IB-iu. 

X o-in.  high  chargee. 


Ve  do  not  attest  to  use  e:Qao8iTes  as  they  cotss  froa  the 
pressing  operation,  b\it  rather  ve  consider  our  pressing  to  be 
ing  stock.  The  various  rate  sticks  are  aachlned  froa  tba  pressings 
Just  as  ve  do  vith  cast  explosives;  the  only  difference  being  that  with 
pressed  eaqploslves  ve  have  no  riser  section  nor  non-imifom  redttk 
vhich  Bust  be  dlscaxded* 


Extensive  density-spread  analyses  on  indlvidAOLl  pressings 
show  typically  aaxlgua  spreads  of  0,005  Ro/cc  In  the  six-inch  disMeter 
pressings  ad  standard  deviation  of  density  about  the  sean  of  the 
saupllug-plug  density  is  0.0023  Betveen-piece  population 

standard  deviation  of  density  runs  in  the  neighborhood  of  0.0015  ga/ec. 
Ccnposltieo  variations  vithln  a single  pressing  and  betveen  press^ln 
froa  the  nan  Lot  of  rav  naterial  are  less  than  0.2^.  Aa  stated 
before,  cooposltlon.  analyses  usually  give  spreads  vhich  are^ 


8 


1 


stAMfttlcally  Inilrtlsawi^^ltt  froa  the  cvpor. 

MftgWHflWg 

( 

Both  tbo  rough  eactiagt  apd  tha  pressed  blaohs  are  nachlaed^ 
to  thu  ftoal  dimsMelon.  Vo  very  apeelal  taclBiiq:aea  not  already 
fattlllar  to  the  m&ehlne-tool  industry  are  eagployed^  but  eartaia 
additional  safety  precauttoas  era  obeanurt^  fbr  eati^2ir«  Vtftav' 
e^Qlloslves  are  suboiltted  for  routine  Bachlal]^  a hi^di-apeed 
test  Ji  done  on  s rcaotely-coatrollod  drill  press  with  a face  wntVwg] 
tool*  Speeds  as  hl^  as  ll»00  rpa  and  feeds  of  0.o45  in.  per  revolutid 
are  employed.  Oit  a slx-ln.  dia»  charge  the  linear  cutting  rate  is  asi 
hlgl)  as  2200  ft.  per  nln.  at  the  edge.  When  a test  explosive  survived 
this  test  without  any  evidence  of  dec<pqpoaitlon  it  is  considered  safe] 
to  jgmchlne  with  flat-edged  adlling  tools  or  the  pointed  tools  coitnoo  I 
to  lathe  work  at  rates  \;p  to  200  ft.  per  adn.  Cut-off  tools  and  drill 
are  An  exceptlonail  case  because  effective  codling  of  tlie  cutting  ed^ 
is  difficxilt.  This  latter  type  of  nachinix^  operatl.on  is  considered, 
hatordoua^  and  the  drilling  of  ssall-dlaiaeter  deep  holes  especially 
1«  Avoided.  . 

Most  rate  stlcki  are  cylljadrical.  Tbe  operation  of  citttlng 
tha  oyllnler  to  the  correct  diameter  is  usuaH^r  done  first.  The 
cyllsder  is  then  saved  to  an  appropriate  length  and  finished  dlmensioi 
. obtained  either  by  milling  or  facing  off  on  a lathe.  Rectangular  ^ 
stlQks  are  prepared  by  milling  alone.  j 

Whenever  possible,  machining  la  done  while  flooding  with  ^ 
vat«r»  Water-soluble  and  poroxut  explosives  arm  machined  dry.  Cry  I 
BSdhinlng,  ve  feel,  is  Justified  Insofar  as  the  hl^^iepeed.  test  is  1 
AMia  vlthout  vtttsr.  1 

The  fragility  of  certain  explosives,  in  particular  cast 
materials,  poses  a special  problem  not  often  encountered  in  nrr***^ 
fflaflhinlng  practice.  Securing  the  piece  to  be  machined  on  the  laths 
or  req^iires  that  special  vacxium  chucks  be  used  with  large  pieces 
Small  pieces  do  not  have  sufficient  area  for  vacuum  chucks  to  work  so 
v«  use  '*Lucite”  collets  since  ordinary  metal  collets  cause  excess 
br6A)n€A« 


iKflpgqncar 

I 

Radiographic 

Before  machining,  all  charges  are  subject  to  radiographic 
inspection.  In  this  manner  cavities  and  cracks  are  detected, 
any  defects  exist  the  charge  la  rejected. 

Plmenaional 

Diameter  and  length  measurements  are  mode  with  conventional 
mctt§urlng  devices  such  as  mlcrontiT^ers , dial  Indicator  gauges  and,  on 
occasloa,  a cathetoraeter  is  used  for  cross-checking.  j 

9 


Veapcxatar*  control  during  Ixwpeetlon  Is  onBrntlal  ^#0iW 
the  <»cploeiirctt  uader.  laaterbigstlnn  all  exhibit  the  hl^  Tliieer 
eoeffieients  vt  expaneicp  ^aaraetertetie  ef  crgaaie  eo^pocmda.,  fb» 
TBltie  of  the  coefficient  of.tbeml  eiraneicn  alaoet  Inrariably  iia* 
in  the  range  of  7 2 x 10"?  in./la*/*(U. 


Noet  eaat  explosive  charges  eontalBiag  apsporeeiahLs  aaotmts  of 
TCL  Iroweraihla  growth  ehen.  swh  jrmtedL  to.  tsaperafaBga 

9^ pbeoaaenoa.  ia  believed  due  to  certain  iBiparitlaa  In  TST; 

The  net  result  is  that  Coevosition  B and  TEtt  charges,  vben  stoorsd  in  a 
aagazine  for  any  length  of  tine,  will  shew  considerable  growth  aad 
reinspection  is  therefore  necessary.  Zn  order  to  avoid  excessive  gnnfth 
ve  also  sake  an  effort  to  fire  the  charges  with  a nlnimaa  delay  once 
they  are  mchined.  Also  they  are  protected  agilnst  excessive  teiqpera* 
ture  variatiotts. 


Sone  explosives  say  show  slltfat  shrinkage  on  aging.  Once  the 
shrinkage  has  taken  place  the  pieces  are  diasnaionally  stable.  Vie 
therefore  allow  such  sticks  to  age  sobs  tins  after  aaehinlng  before  the 
final  dinsnalnnal  laapeetlon  ia  nade. 


Penai 


Adensity  detexnination  is  nsde  on  every  charge  Inteaded  for 
velocity  work.  The  nethod  used  depends  sooBsvfaat  on  the  geoBaetry  and 
size  of  the  piece.  The  density  of  axall-dlsaster  charges  la  aost 
easily  and  perhaps  nest  accurately  deteralned  by  eeasurlng  the  voluae 
by  the  subxssrslon  ssthod.  Ve  c<xBpote  the  voIuds  of  all  larger  ohargea 
fron  the  dlJcenalonBkl  inspection  data  and  dbtala  the  density  frosi  the 
volune  and  weight.  Ve  coopare  the  values  obtained  by  each  BBtliOd  on  a 
selected  InterBadlate  size.  Gharges  are  classed  according  to  tbd 
density  deteratnation  and,  in  the  case  of  pressed  charges,  only  those 
within  ■*  0.001  tp/cQ.  cf  the  average  density  are  accepted  for  detonatici 
velocity  work.  Cast  charges  for  obvious  proctieal  reascoa  cannot  be 
held  to  this  tight  a density  selection  specification;  however^ 
a + 0.003  ffi/cc  tolerance  is  cozuidered  acoeptahle. 


Althou^  each  of  the  density  nethods  give  standard  deviations 
which  are  of  the  order  of  0.0003  eo/oe,  when  an  individual  sss(p2e  is 
checked  a nuober  of  tiiass  there  is  seas  qne*tioa  of  the  absolute 
accuracy  of  the  average.  For  exa&ple,  the  average  density  of  a lot  cf 
one-belf-inch  diaiaeter  charges  whose  density  is  deteralned  by  displace* 
Bsnt^  ia  as  such  as  0.002  c^cc  higher  than  the  density  calculated  fron 
dlaenslonal  data.  Just  idilch  aethod  gives  the  nore  nearly  oerreot 
answer  is  not  known.  The  subaersion  aethod  suffers  the  disadvantage 
that  when  cosxplete  wettizig  is  obtained  the  results  nay  be  spurious  due 
to  sozse  capillary  penetration.  On  the  other  hand.  Insufficient  vetting 
would  cause  the  apparent  voluate  to  be  too  large,  just  the  opposlto 
effect  of  penetratloru  The  density  computed  fron  dlnsnaional  inspection 
data  obtained  on  e&aJJL  charges  Is  nodoubtedly  in  error  to  sooe  degree 
since  the  surfaces  are  not  truly  suooth  because  of  tool  narks.  Density 
values  by  each  aethod  for  pieces  of  one  inch  in  diaaeter  and  larger 
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cbMk  vlthlB  0.000$  For  « giir«a  lot  of  plooM  mrhlnrrt  frOB  t 

lagto  eltforot  vt  aaauMP  that  tho  aaoU-diUBtor  rato  atlcka  (!«••  tkaa 
O»$0O  taoa  tte  mum  olwoJnta  danolty  aa  tte  4iaaXt^  dotonaSaad  fMr 
tta  larfor  slaooa  ovt  fraa  tlio  aaae  charge.  The  staaAarS  deviatlea  of 
the  deaalty  wt  Mcribe  to  the  aeries  of  8iBall<.4liaseter  rate  atlcka  ia^ 
howorver,  taken  fkoa  the  disiiplaoeaent  volxate  ■eaaureaent  data.  Hk 
Justify  thla  reaaoalag  hy  the  fact  that  ve  helleye  the  aubaersion 
■ethod  glTea  relatlTsly  hlg^  Sreciaion^  evMi  thouc^  ve  suspect  Ita 
^bantefia  aecuiniqr*. 

OanoaltlQn 

CoapoaltAon  cutalyaea  on  Ccoposltloa  B are  done  in  the  usual  / i 
■saner. (l)  Otar  data  indicate  that  the  analytical  poroeedure  deacrihad 
la  the  JAI  aipecifleatiaii  porodneea  a standard  erzar  of  shout  0.15(. 

Xvery  east  rate  atlcik  Inereacnt  of  a ceaqposite  exploaive  is 
sectlonadln  such  a aainner  that  a saspls  plug  Is  cut  froai  the  regions 
Just  beyoxkl  each  end  of  the  stl^  By  proper  arrangeaent  of  tbs 

pattern^  additional  data  on  the  coo^ositioa  adjacent  to  the 
eentral  region  is  obtained.  Selected  diargea  froB  the  alah  are 
aeeepted  for  detonation  velocity  aeaaureDenta  only  If  eoagpoaitlOB 
spread  infexred  froa  the  coaiposltlon  analysis  adjawent  to  the  spsoifie 
eharga  is  no  Bore  than  0.5  percent  Rns«  CosgiosltloB  sprMd  analyses 
are  not  done  m vae«i8s»pressed  charges  because  of  their  inherent 
unlfonoity;  however^  lot  analyses  are  perfonaed  routinely  ca  the 
Bolding  powder  itself. 

Kethods  of  of  esqploslvea  alxtures  vary  sooevhat  vlth. 

the  type  of  fansUatian.  Sseept  for  the  use  of  a solvent  picked  for 
the  specific  eoBponeata  of  the  ei^losive,  the  prooedare  is  slnllar  to 
the  one  used  for  CospositloB  B.  Analytical  precisioB  of  the  order  of 
0.1^  is  dbtaijssd  for  aost  Bixturee  Involrlag  BDK«. 

l^tonatioa  velocity  asasureaents  are  usually  eoneetad  to  b 
coEzaon  density  and  conpositiin.  The  reloelty  correction  fsetor  vs  as# 
for  Cccrposition  B vlth  rypect  to  density  is  3400  u/tM/ga/ec  and  for  i 

coapoaitlon  is  10  rn/a^e/iSSPim  Sereral  other  values  are  used  by  | 

workers  in  the  field  b\it  the  exact  values  are  not  hii^ily  iaportaat  ' 

for  snail  corrections. (2)  ^ 

Particle  Sise 

Pressed  explosives  such,  as  TBI  present  a prohlaa  in 
describing  their  particle  size  dlstribotlon.  Zt  in  a sljqple  aatter  by 
conventional  vet-screening  laethods  to  obtain  a distribution  eharao* 
teristie  of  the  powder.  Whether  or  not  thie  distribution  bas 

any  real  «««>«•*  "g  after  the  esqplosive  has  been  highly  coo^ressed  to 
alaost  crystal  density  is  not  known.  At  any  rate,  ve  have  foUoved 
the  of  Least  resistance  and  ve  characterise  the  particle  site 
distribution  of  a slaple  pressed  explosive  by  the  nwabera  obtained 
froa  the  screen  analysis  on  the  powder  before  pressing. 


U 
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Om  sitmtioB  vitH^  jM^peet  to  rnnwito  cut  «xplo«i^m  la 
pnra  confnalBg.  Za  Co^poaltloa  B,  aolvtloo  sad  recrTatslUsstiott  of 
KK  darlar  prnarstlon  sa  well  sa  darlac^  ths  manfs/fflwtiB 
porocsaa  sliasro  tbm  crtgiaaT  dlatrlbutloa,  oapeoisllx  tbs  flaar 
fzflietiona*  tetvsettag  BBY  tnm  aasplsa  of  tho  flalahed  esatlaft  sad 
deteniinlag  tb«  aav  parttola  alas  diatrlbutioa  la  perbspa  tba  boat 
approach  but  tha  extrsotioo  proocdurt  Itaslf  alao  auff era  froa  tha 
aaao  inhareat  difficulty  cf  probahlj  aoM  rhangju  1&  partlaliir 


Tha  aituatloa  la  Coaqpoaltioa  A la  aot  goita  aa  eoaplaoc  oa 
obaarred  for  coat  exploalToa.  The  RDX  la  relatlreljr  InaolOhla  la  tha 
vax  phaaa  aad  for  those  coqpoaltloaa  ez^loyliig  a aolTeat  for  the  aaac 
tha  proeasa  tlaa  darlag  i^eh  the  lUSC  la  aUh^etad  to  adToot  oetloa 
is  ^te  abort  oosoarid  to  tha  tlaa  iavolved  la  tha  Conpoaltloa  B 
ayateau  Therefore^  a dataralaatloa  of  partlela  also  diatrlbutioa  of 
the  KZS  used  la  poraporatloa  of  tha  alaetura  la  a fair  ladlcatloa  of  tha 
flaal  parUela  alto  la  a praasad  piaca*  Sobs  emahlag  of  tha  BEK 
partlelaa  Bust  eoour  darlag  praaalag  but  It  la  to  ba  raaeaherad  that 
thd  vaa  probably  contrlbutaa  a 


8qm  of  our  f onailatloaa  laelada  a f iaa  fraotloc  whidi 
paaaaa  through  a 33$  aaah  sereea.  Tba  diatrlbutioa  of  this  fzaetioa 
la  detantihaA  by  a photoaatrlQ  aethod* 

Bartlola  olaa  diatrlbutioa  of  the  ea^ploolva  powder  aggragata 
aa  dlstingulahed  froa  tba  partlela  alsa  of  the  BOX  itself  la  aot 
beliared  to  havu  oay  lafluenea  oa  the  detooatloa  proeeaa  aad  tberafora 
la  ooly  conaldarad  insofar  aa  It  la  related  to  the  practlpol  a^peota 
of  praaalag* 
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A apeelal  fonculatloa  slBllar  to  Coup.  A,  but  vlth  a aoaa* 
«hat  higiua’*^ltlBg  wax  vaa  used  to  press  6-ln.  dia*  by  V-ia.  hig^ 
oylizdera  la  our  Uaeumi  cold  according  f;o  the  procedure  girea  in  tha 
section  OB  preaaiag.  Cocpoaltion  aasOysls  before  preoslng  Izidlcated 
an  RDX  coateat  of  91»8  0.1  x>ereent«  Particle  aise  dlotrlbutlon  of 

tho  BEK  used  in  the  ecepbaitlon  la  approKlsately  that  givea  la  tha 
table  belov*  FIts  out  of  a total  of  tveaty-flre  of  the  6-la.  x A-ia. 
eylindera  were  aeetlcabd  for  density  spread.  The  extreoe  varlatioa 
found  in  any  one  cylinder  was  0.004  ga/ce»  Arerage  BBxIwua  variation 
voa  0.0032  ffo/ec* 

Ttfo-laeh  long  cylinders  of  1 la.,  l/2  la.,  l/3  la*#  l/5  la.« 
and  l/6  la.  diaaeter  vere  Bochlned  frees  the  nolded  blanks*  Those 
]4.eees  falling  vi^hla  tha  denaity  Unit  of  1.6874  ♦ O.GOlO  ga/co  ware 
selected  for  the  detonation  velocity  detexednatlonT  This  density  lo 
approxiBately  of  cryatol  deaolty* 
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dWra 

53ar^ 

Betwcoa 

300. 850a 

Oi$ 
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850 . 810  a 

8.d 

c 

210 . 177  a 

7.6 

ITT  - li^  a 

9.7 
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Iks.lttit. 

lU 
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ifiS-^Wa- 

• 

6.0 

3.6 

■ 

7*-  a. 

3.6 

6a  . 53  a 

l.t 

53  - tea 

k,2 

« 

K • 39  a 

39-  30|k 

HI 

• 

« 

30.  asa 

5.3 

a 

85  - fiOa 

7.9 

« 

20  • 15  a 

9.6 

19-  ifta 

10  . T*5  a 

H7 

Less  thaa  7*3  H 

98.7 

Oh  TtlcKSitj  oa  tl»M  fXm  ttidoi  ««r«  oMalaad  %gr 
Oroap  CCS«8  asiag  tte  tttclmiq:qas  doseribed  bjr  Cu;pball^  lblSa»  8^ 
and  EalJUCs)  Xa  Whla  X tte  data  ate  tweariaed*  Tte  tacgaratara  if 
tte  rata  sticks  aas  itecrvad  at  tte  tiss  cf  firiag  asi  oarreotlsas  • 
aads  fnp  laa^sth  aal  dsaslty  ateawrar  flrlag  tcH?araturs  dlff  «red  bj 
■ors  tbaa  5*C  frca  laspcetloa  tsuperaturt*  Tte  Ilasar  cceffioleBt  of 
aspsBSlea  ased  la  eocsnztias  tte  oorrsctioa  vos  6.7  x 10^  la./ia./*0* 
da  easror  ecrrictioB  was  also  aida  assodaa  ^t  tte  teat  et^picl^  cf 
tte  caterlal  was  0.39  eal^6W*C  sad  assaslas  ttet 
Osf.ro«35  (T-29)  * 1100^  vtero  T Is  la  *C»  Ste  boat  of  oxploalm 
of  CIS  at  85*C  Is  taksa  as  UOO  oal/pb  Cte  ast  datooatloa  weleelty 
cwrraetloa  for  temperature  for  all  temporatars  effects  Is  ttaas 
estiasted  to  be  •O.SS 


da  averse  wslool^  aad  tte  asscolated  y5$  ooafldsaeo  Halt 
of  tte  averse  was  ooqpoted  at  each  dlssater.  Ia  Pi^pire  t ttese 
awnra^s  aad  ttelr  95$  coafldence  Halts  are  plotted  as  a funotloa  of 


The  data  were  fitted  bj  tte  least  s^o^res  aetted  to  aa 
ofoatloa  of  tte  f oooa 

B - (1/4)  ♦ *8  (1/4)^ 

Each  aTSsace  was  wel^ited  aoeordlag  to  tte  reciprocal  of  tte  square 
of  its  coofldeaoo  Halt* 
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TABIZ  I 


TSTKoumas  vklocitt  - jmxESEn  aronr 


wasarxED  OGKPosDrzosr  a ttw  ussitk  ^ a.oaiein^ 

(correetM  jbo  25*Gy* 


DXA  (ln.> 

D (m/aee) 

5 

g 

♦ 

.-J25 

OJ3S9 

d^3.7 

aaft.v 

8260.^ 

8261.7 

8283.8 
8266.3 

826l«8l» 

ojsoa 

8259.5 

8235.0 
8263.3 

8259.1 

t251.5 

8B51.5 

8253-7 

U.3 

14.0 

0.333 

• * 

8218.0 

8234.2 

S230.8 

8231.4 

8255.6 

8245.7 

8236.1 

12.9 

13.5 

0.250 

• 

8225.5 

8198.3 

a226«£ 

8227.0 
8201^ 

8203.1 

8213.4 

13.3 

i4.e 

0.200 

8195.1 

8205.8 

8162.7 

8161.7 

8139.9 

8164.4 

8171.6 

24.3 

25.5 

0.167 

8140.4 

8145.7 

8157.4 

8127.4 
8127.4 
8159.2 

8142.9 

13.9 

14.7 

* Fifth  Inereoeat  omaitted  from  calculation  of  average. 
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las  to 


totli 


Tba  ataafiarS  anroaa  oT  tl^  ooeffieiaotc  were  ccaputcd  aee«cd»i 
ortamtoa  oT  tOa  aatlMd  deaeribed  Vy  Blrsa*(^)  Blrg*'* 
la  Halted  to  eqoally-asaoed  arguaaata  aad  If  ooa  i«  dealroaa 
IS  thalr  data  the  asthod  la  laade^iMtak  ftalafri  «f  Oraop  T^Sp 
iwoTg  have  extended  the  aethbd  to  aae  polata  veltfwd  aecordias 
ana  of  the  aquara  of  the  confldeaea  Halt  attadied  to  aay 


Sflot  tba  aoiCflalaata  ao  ahtalaad  aad.  thaio- 


a^  ■ 6269.6  a 1.231 

a^^  - -1.062  ♦ 0.685 
•2  - 3.385  ♦ 0.129 

ataadazd  davlatloa.  of  the  vaiSbted 
a la  2*l65 


aaarasa  polata  about  the  fitted 


A uaear  fit  .out  alao  aada  aad  the  folXovlas  mlaea 


* « 8296.9  ♦ 2.9*t9 

w 

aj^  « -23.72  ♦ 0.855 

staadaocd  derlatloa  of  the  data  about  the  fitted  llaa  la  the  llmer 
I la  9*^6^  Vaoe* 


Ste  tvo  D axia  latereapta  are  6296.9  ead  6259.6  ^/aeo  for 
the  mrA  <ta3jdxntie  fits  vaapeetlTaly.  The  gtscdrotlo  fit  la 

al{;nifiettnil9>  at  the  959  eo&fldaaee  levels  better  than  the  Hwwar  fit 
aai  »Op  eo  o tctoIt  stotictlcol  boais^  extrapolation  of  the  oTodzatlo 
fit  nay  he  eaqi^ctcd  to  g^to  a value  core  asarly  eorreet  for  the  steady 
state  wore  velocity  ct  Ixf  lalte  diacater.  The  959  eoofideaee 
Halt  asaoeiated  vltb  this  intercept  la  2.5 
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nBBOKJMK* 

Until  the  last  fev  years  aost  of  tha  assanrczionts  of  dato- 
nation  rates  have  Baca  nada  vith  tha  osa  of  streak  ear^iros,  tha  aathea 
of  Dantrieha,  or  vith  tha  Kattegaa^  racordBT.  It  is  the  purpose  of 
this  ptger  to  describe  en  electronic  nathod  capable  of  Tory  hl^sh  pre- 
cision in  tha  aoasureccnt  of  detonation  rates.  CosBSoaXjr  referred  to 
as  the  "pin  Bethod**,  it  has  boon  in  use  at  Los  f}«»os  fro«  spproxl- 
■ataly  the  year  19bh  to  data.  Becently,  Oibson''^^  reported  a sladlsr 
techni<{|aa . * 

While  at  first  s^ce  tha  pin  cstiiod  nay  appear  to  reseiibls 
the  Kettagong  recorder  asthod,  there  is  a basic  difference*  The 
latter  daponds  vpon  tha  interroption  of  the  pricnry  circuit  of  a high 
Toltoge  trcnsforcsr  to  produce  a spark  ch  registers  on  a strip  of 
carbonised  paper  carried  on  a roTolving  druaj  tha  techaiq:ue  to  be  des- 
cribed here  relies  upon  the  conductirity  of  the  detonation  vc.Te  to 
discharGC  a capacitor,  foraing  a pulse  vhich  is  presented  on  an  oscil- 
loscope trace  and  photographed. 

The  pin  csthod  offers  sereral  advantages  over  other  avail- 
able aethods.  Chief  scong  these  is  that  of  iaereased  tlaa  rs8oIuti<m. 
In  contrast  to  the  Kottegona  recorder,  the  pin  technique  provldea  a 
record  of  the  pulse  shape  and  thus  gives  evidence  of  tha  strength  of 
the  detonation  vnve,  i.e.,  vhether  tbs  detonation  vave  coy  be  dylns^ 
o«it  or  is  coriparatively  strong.  The  pin  cethod  also  provides  a aeons 
of  observing  directly  tbe  progress  of  the  varo  in  the  interior  of  an 
Irregularly  shaped  piece  of  explosive;  by  vay  cf  contrast,  optical 
cathods  for  detonation  velocity  aeasuresent  icust  cohe  observations  on 
tbe  exterior  sxirface  of  the  piece  and  infer  the  velocity  of  the  vave 
fro6s  geooatrlcal  considerations. 

IHSTBUKBSTAriai 

The  pin  asthod  aakes  use  of  electronic  circuitry,  vhich  aay 
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be  divldeii  comrenlestly  late  tbrtte  parts:  beglxml&g  at  tba  esploetTe, 
these  IncloAe  IcnisatiOQoOperated  or  shock-operated  switches,  which 
are  Inserted  Intr  *di»  ei^loatvep  u slffasl  aljcer  drcuit  and  trase-^ 
■lesion  line;  anu  a cathode-ray  chronograph,  eoaoBonly  referred  to  as 
a "pin  aachlne",  idilch  presents  tho  signals  cm  a calibrated  tlae  base. 
Bor  the  sake  of  clarity,  these  will  be  discussed  In  the  reverse  order. 

Chronograph.  Many  different  circuits  have  been  devel(^>ed 
by  vaciQua~wrkera  tax  ua»  with  expLoalves-  These  have  esq^sqpad.^ 
variety  ^ tlae  base  presentaticms  including  circular-  sveepe,  spiral^ 
linear  and  raster  sveepa,  and  zigzag  sweeps.  This  discussion  will 


71g.  1.  Block  diagram  of  chronograph  circuit. 

be  limited  to  a circuit  providing  a raster  presentation,  because  the 
authors  have  found  such  a circxiit  to  be  preferable  on  the  bases  of 
time  coverage,  attainable  precision  and  ease  of  maintenance. 

The  raster  chronograph  is  shown  In  block  diagram  In  71g.  1. 
A typical  record  from  this  chronograph  is  shown  in  Fig.  2.  This 
apparatus  provides  two  sweep  presentations,  with  a maximum  sweep  time 
of  150  ^sec.  These  may  be  operated  in  parallel  to  provide  duplicate 
records  and  thus  Increase  the  precision  of  observation,  or  may  be 
operated  In  tandem  to  Increase  the  time  coverage. 

While  a detailed  discussion  of  the  drcuit  would  he  out  ol 
place  here,  a brief  description  of  the  functioning  of  tha  circuit 
will  be  given.  Referring  to  Fig.  1,  the  output  from  the  ci'ystal- 
controlled  osclllatcr  Is  shaped  by  the  marker  generator  to  provide 
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t •<{Qar»i'n:v8  tiJkixkg^  aatte  for  -Uxs  Indloatora.  The  Motor 
indiooter,  or  ovoep  olretdti  roeolror  -ttio  tljidag  aorko  dlroetly*  Tho 

iOmw  iDdloctor  roooiroo  tb» 
tixda^  mrk»  oftM*  tlioj  te?o 
passsd  throng  a 0.15  t^ooe  doloj 
llno^  idien  the  i&diooioro  orr 
oporatod  is  paralloly  or  ro» 
ooItob  thea  direo'Q.y  vhoa  tho 
iZMSDootoro  oro  operatod  fa.  toiw 

Tho  aarker  generator 
also  anpplleo  l/2-^8oo  polsow 
throogh  a 0,^  t^ooo  delay  lino 
to  a 5sl  freq^DMoy  dlTlder  vhieh« 
in  tnrai  drlres  ^ horiooatol 
trigger  generator*  ThO 
horizontal  sweep  generator  ro- 
oeiTOS  these  triggor  paloos  at  . 
2*5^600  intervals*  The  slave 
horloontal  trigger  generator  re* 
oalveo  tho  sons  palseo  aftor 

fXg«  2*  &mple  chronograph  record*  kaing  delayed  by  one  rarker  in* 
Pin  svltoh  signals  are  cxjQfilly  torval*  By  delaying  the  sieve 

•paeed  at  intervals  of  7*33  peee*  sweep  by  one  sarker  interval, 

and  hy  dolaying  the  slave  tiao 
aarkers  by  0«1S  psoo  ae  noted  ia  the  prevloM  paragra]^  it  is  aado 
Icpossitile  for  o eigsal  oopocn  to  both  isootor  end  els^  reeorde  to  bo 
adrorcoly  offeotad  on  both  btoonee  of  eolnaldonoo  with  a or 

with  a baob^nieep* 

Tho  400  ko  horisoBtal  repotitiea  rato  pulses  are  divided  bgr 
the  4^tag3  divider  to  provide  on  internal,  vortiool  ropeiition  rate 
of  apporazi^tely  200  sveepa  per  oee*  By  ropaating  tho  eonplote  pit- 
tom  so  rapidly,  it  ie  cade  to  eppeer  ae  a steady  pattern  to  the  eye 
to  aid  in  edjuotzssnt  of  the  pattern*  The  vertie^  sweep  and  intensl- 
tf  gate  generatorv  ciy  bo  triggered  fToa  the  internal  repetition  rate 
fi^seo,  an  external  aooroe  of  repetitive  pnlses,  the  sln^e  sweep 
elaap  olrotilt,  or  the  canual  test  trigger* 

The  preoioioa  vhieL  ia  avtainable  with  these  ofarenegraphe 
is  derived  fren  close  control  on  t '.o  froquoney  of  tho  crystal  eon- 
trolled  osoiUator  and  on  the  linearly  of  the  horizontal  sweeps* 

The  oscillator  is  a crystal^ontroUed  froe-rxmning  lllllor  oscillator 
having  a fi’sqaeacy  of  2 Ko  - 30  ops*  While  this  £ay  seem  to  be  great- 
er precision  than  la  necessary.  It  is  easily  attained  and,  for  all 
praotlecl  porposes,  elininates  the  bias  calibration  sarks  as  a source 
of  ezperlz^ntkl  error* 

Sweep  linearity  is  controlled  to  IJE  between  cidjacent  cali- 
bration carke  (l/2>^coo^*  This  is  aceoaqillshed  by  selecting  the 
53.UCP11  cathode-ray  tul  j for  linearity  of  defleotion  as  a ftmotion 
of  tho  deileoticn  roltcgo,  and  by  adjusting  the  sweep  eircruit  llne- 
j arlty  controls*  Tbn  standard  error  of  aaasurecont,  re  suiting  f!ran 
i errors  in  swoep  ealihration,  linoority,  and  judge^nt  of  the  fils 

I reader  is  found  to  be  3 x 10"“8eo  for  transit  tises  of  25  jiseo  or  less. 
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atcftp  ftlroult  1#  a nataork  of  eapaoitan: 
ami  raaiatora  vblak  f«na  and  aead  to  th*  obro&ograpli  alaotriaak 
IP^tOLaaa  vhioh  wrk  tba  paaMga  of  %]»  datonaticoi  vart  throoi^  tba 
pilm£ff»  3 la  ekoioi  a diasroi  of  tha  elntuit  oaaC 

vitk  Boat  aolld  axploaiTta* 


l^-tOM£C  r^yjOKIS  >^39GhMS 
If  MOOMS  C-0001  NTD  INDCATtS  PW 


Tha  oondoBaarat  art  ehargad 
throat  iada^oB  raalatorat  S« 
Whan  tha  dotcaai^eB  «m  oloaaa 
a pin  evltoht  oaa  al4a  of  tha 
eapaodtor  la  aboxtad  to  gyomyi^ 
Tha  othor  aide  then  dia^aarfaa 
Into  tha  RO  2I<a412  algaal 
eahldi  prodoolng  a al^ul 
polaa*  ]l][  prerouta  reoharglaf 
of  tho  eoodoBaar  during  tha 
ahot  elthar  hj  other  eonicnaara 
in  tha  Blxert  tat  Ij  tha  povar 
Bupply*  Tba  eharaetarlatla 
Iz^dcmoot  R4»  prareata  ra- 
fleotica  of  the  aignola  baek 
dotm  tha  Rd  63/^  oabla*  If 

polada  ora  roflaoted  to  tha  left  bj  a fanl^  eonnaotlon.  or  other  do» 
fieoty  they  aM  abeorbod  bj  oltbar  or  R2»  Booauea  tho  SIIHSPll 
diapicy  teho  haa  four  vertical  doflaetion  platast  It  io  poeolblo  to 
pot  tho  cl£;zuBl  pdsaa  on  a plato  aaparato  Area  that  need  for  ealibra* 
pnlecs  asd  for  tha  vertiool  otfoap*  Thia  alininatea  tha  problaaa 
af  o alxcr  oirc  ilt  at  thla  point* 

bbar  pin  evltebas  cuLot  bo  elosaly  apasad  In  tba  eharga^  tba 
Blxar  elroalt  is  sadlflad  oa  ahaun  la  Fig*  4*  With  eloaa  apaolng^ 

easdootlTlty  of  tba  doto* 


fig*  3«  Kbaar  olreBit* 


Rg-iOMCc  f^aaohMS 
[>-IN34  CflrSTAi.  ocoe 

AM  ca«ccnQN 


C-OOOt  MFD 
— — INDCATtS 


fig*  4*  Kimr  eireuit  for  naa 
dosaly  apacad  pin  avitobaa* 


nation  vara  asd  of  tho 
vara  eerroa  to  eoansat  the 
diaohort ' ^ eapooitor  vlth 
those  vfaieh  hs^  hoea  dis- 
eharged*  Tha  rocult  ia  that 
the  algsol  rise  ia  affoctod 
adrarsely.  To  prevent  reverao 
eurrent  flow  into  tha  dia- 
oharged  oapaeitorat  diodes  art 
inserted  as  sbeva*  Thaaa  act 
praatlcally  as  roetifiara» 
paTVTitting  currant  flow  in  tho 
desired  diraotion  only* 
with  A second  sx>difleatl<m 

la  neoassory  when  tha  sndeto« 
noted  axploBlva  la  xodarataly 
tha  isolation  rosiatora,  R,  ora  ro» 


aoBdBstlng*  Aa  shown  in  fig*  5^ 

pi  seed  vith  diodes*  This  parsdta  increased  charging  currant  to  tha 

pin  svltehes*  but  prevents  thn  discharged  oapaoitors  froa  dx^v 
ing  eurrent  fToa  those  still  obargad  via  the  charging  cennaotion.  In 
it  la  soEwtlnes  nsoeasary  to  inorease  tha  diseharga  tine  of 
the  aapa^tora* 
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Owqpb»ll»  Bogid*^ 


Yiar  liMi  rMdXfo  ■izNr&  «!*•  oec»traet«d  vKth  ahertiiBt 
iMd*  poMd!bli»*  ltet»  cr*  tiAjbaid  tos^thar*  aad  ths  fialshad  BLiar  im  ' 

aotatad  oloaa  to  the  ehargo*. 
Vh»a  tbo  loiter  im  dot»» 

E_ — . — BovoTs  ftotedy  l>ote  xixar  tad  tbo 

jift  i>o  Motiott  of  Bd  21*djU  co- 
ir^ ir^  oadal  oOblo  art  dtatroytd 

p . Tt  % Ij  blaat.  ill  pin  aviteh 

i I > auMt  laada  Buat  ba  of  iba  naa- 

‘-p  laagth  to  vithla  a fMT- 

L___l iBehoa^  or  the  traaalt  iiat 

OHMS  c-oool  Mfo  0-MS4  tltotrlo  polaat  in  tbt 

CRrSTKl.  _ — INOCATES  Ittda  KUt  b#  tokSA  illtO  / 

OOM3CTIQN  aeeooat  for  prtolaloB  vorlc* 

fbm 

Boat  ecaaoiily  oaad  ^pt  of 

Tig^  9m  IHxar  eSroait  aodiflod  for  tutt  pia  avltob  ia  tha  ona  dapaa^ 
with  aodarately  oondnotliig  as^oaiTo*  lag  tspoa  ioalsatiott  for  alo» 

anra*  tTBUfiUy^  tbia  la  axw 
raa^d  as  abova  la  Fig*  6# 

altZioQ^  othar  axroBgaBt&ta  till  bt  diaeossad  later  xaidor  tba  sootlm 
on  ebarga  proporatloa*  fba  avltob  la  nada  vltb  tba  thianeat  sateX 

folia  vhleb  bavt  at  tba  aaaa 


R-SS  OHMS  C-OOOl  MfO  0-MV4 
CftrZJK.  aOOL  — — INOOTES  t*i 

oomsctiqn 


Flf*  9m  IHxar  elraait  aodlflad  for  tutt 
with  nodaratelj  ***«»««*w**irg  as^oalro* 


^ooancM 
^ vctal 


CMZAnoN  PN  -<«uncH 


tint  anfflolaat  naehanleal 
atroagth  to  withstand  tba  not-* 
sT^  ^-KTT  i£M>  taaarj  imlpalatloa  la  praparw 

lag  tba  avltob*  Iba  noat  oon* 

L tsaly  tucod  folia  ora  cilTart 

altxnlxraa  and  coppor  la  1/B-liudi 
J vldtba  aad  In  l^okuaaata  raag^ 

JMO  ^ 0*2  nH  to  1*5  nil* 

Ooeaaloaallyt  gold  leaf  la  natd* 
cMZAnoN  RN  'vflo*  Brt*  ^ thlobneas  of  approxl- 

nately  0*01  all*  Eovorart  It 
la  difficult  to  uao  beoanat  of 
its  lack  of  Beobaaiosl  atreagthy 

Tig*  6*  Fin  avltob  oonatxmotlon*  aad  beoansa  It  tends  to  stick 

to  cost  objeota  brought  near 
It  as  a result  of  aleetr»- 

atatie  attraotlcn* 

The  Toltage  on  the  pin  svl.teb  Is  dlotated  by  tba  sarplti^^ 
of  tba  Indicator  olrouit*  When  no  signal  arrpllfieattou  lo  r'  , ^adf 
aad  vbon  It  la  usneeesaary  to  nix  slgnols  at  tba  indicator  jy  aeana 
of  catbcda  foUovorsy  a suitable  ralua  of  the  pin  Tdtaga  ia  180 

Tolta* 

The  gap  vldtb  on  tba  pin  avltob  la  uivually  bald  to  about 
1 ESI  to  3 xsu  Far  tvo-cocponsnt  cast  cxplosirea  or  for  pressed  ex- 
plosivesy  tba  detonatioa  front  has  been  found  to  be  quite  Irregular^ 
the  Irregularities  being  caspsrable  in  else  to  the  ge^ixa  of  ez- 
ploalre*  Thareforey  it  is  desirable  to  have  the  diMnsiona  of  the 


Tig*  6*  Fin  avltob  oonstxnxotloa* 


vn  cw.w  W ru  ifV  irwb’\^  W tJi  mV  k.-^  * V .V  k 


Cas^teUr  XillB, 


*) 


avitol^gAp  aaflOr  tiB»«  that  of  ^ largaat  gxtdtar  of  «3qplost/o»  t» 
5)apro«vo  -t3lo  atfttitttioe  of  mritoh.  elont^ 

0oofi»idxuQl7«  ihm  ioaiaatlcm  aviteb  la  SaaacA  tor  b* 
q;iita*  Qna  axaaplia  of  ant^  aa:  iaatasoa  la  aaoonataxod  la  tha  i*ry- 
vaak  Initiation  of  a solid  asplealn*.  Eara*  tha  datopation  mtra  aagr 
pafooaad  without  anffieiant  iosdsa^on  to  eparata  tha  avitoh  daaorlM 
ahoiva^  Zb  this  arantf  a avitoh  iavoObving  aaebanioal  oloaura  BOf  bo 
aaad*  Sodh  a avitoh  la  ahown  aehamatioalljr  la  Fig*  7« 

tha  aooha&inal  oLoaxoa  ia  aftaata^  bs;  tha  aotioB  of  % thlik 
■atal  fbilt-  yASxH  la  aoaalaratad  bj  tha  psvaaura^  of  tha  datfloatioft 

vava*  Xb  order  to  kaap  tha 
eloaing  delaj  as  aaall  aa 
poBsibla  tha  satal  foil  and 
tha  Inaulatlng  foil  ahoold  ba 
kapt  varj  thlB^  uanallj  laaa 
thu  1 idl*  ll^od  iBia* 
latlBg  Batarlala  inoludo  aloo 
and  l$lar  or  l^loa  pl»tlefl« 
Gtlosttra  tlaas  of  lOr^  aaormfla 
ara  aaeilj  attalaad* 


1/2  ML-  CU 

rot 


LOO 


MtCHAMCAL  PH  SWTCH 


Fig*  7*  flB  awitdi  oomatrufitletu 


r 


XLECTBICAL  EFFECTS 


Bafora  diaouaaisg  tha  sathod  of  praporing  ohargea  for  to- 
looi-^  Banaurecant  by  the  plB  tGohniqpSf  it  will  bo  vail  to  oonaidar 
thraa  aleotrleal  affaots  i^oh  bava  baoB  obaarrad  to  h^  aaaoolatad 
with  tha  detonation  of  an  axploalve  oharga. 

Tha  first  of  tbeao  la  a dlfferenoa  batvaoB  tha  potantial  of 
tha  datonatioB  vava  and  ground  potential  roaulting  ftroon  tha  roltaga 
pulaa  used  to  fire  the  alaotrio  detonator*  If  this  potaatial  difflnv 
anua  is  allovad  to  persist  until  the  detonation  vuts  reaohas  tha 
first  pin  awitshf  it  viU  ba  recorded  aa  alaotrieal  noiae  on  tha 
chronograph  trace*  By  grounding  tha  detonation  vara  near  tha  poiat 
of  initlatlony  this  potential  diffarenea  can  ba  allrrinated* 

The  second  and  cost  Izaportaat  aleotrloal  offeot,  insofar 
as  tha  pin  technique  la  concemady  la  the  appearanoe  of  a potontlal 
diffaranoa  batveen  tha  detonation  vaTO  and  groundy  aa  a result  of  tha 
detonation  prooesa* 

This  potential  diffaranoa  nay  ba  obsarrad  by  uaa  of  tha  clzw 
cult  diagraBinad  In  Flg«  8,  An  uncharged  eoppar  wire  la  placed  ao  aa 
to  ooctaot  tha  detonation  vare.  This  wire  is  eonnooted  to  ground  via 
a eo-*axlal  eabla  and  Ita  tenni^tiony  Ri*  The  aleotrloal  elrouit  is 
believed  to  be  closed  by  oapaoltlva  coupUng  between  ground  and  tho 
detonation  products*  While  the  probe  Is  In  contact  with  a detonation 
vava  or  a oonduotlng  shock  wa\ey  a potential  dlffemnoe  is  observed 
between  the  terminals  of  Rj,*  This  potential  Is  eocmosly  of  the  order 
of  a few  hundred  voltsy  but  may  excoed  1000  volta  under  soma  oireuai- 
atanoar* 
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CM  mcrromdlac  ^ ozploaim* 
Ihft  alCi^  probo  vm  Iniortod 
ia  tho  •xploii'ft  to  ft  dopth  of 
oaa  laeh.  Whoa  tho  dfttooatioft 
vftTo  strook  tbo  poraibo  ft 
tlsft  ftlgaftl  ^iwnuftx^  8iCTiat» 
tioa)  VM  rooordedt  vbiO&  iooaft 
to  be  proportional  to  the  to»* 
paratnro  of  the  shook  varo  la 
the  gnrrouadiac  fttzooaphero* 

When  the  ebook  wavo  froca  the  taA 
of  the  etlok  reaehed  the  pOUetlo 
iaeulAtioB  on  the  probo«  the 
Bejor  eigael  pt£Lee  begea«  This 
ended  with  the  deoegr  of  the 
ehoek  vftve. 

It  1ft  eleo  iaportant  to  note  that  iastdatioa  of  the  pin 
cwltah  Leads  froa  the  detonatloB  vam  la  Ispocaible  bj  ordlaarT^ 
fteeae*  Figaro  10  the  eignele  obtained  la  an  ateoephere  oF  air 

i^ea  the  oondnotor  vae  laeulated  with  plMtlOt  rabber  ax^  ^aee. 


FlC»  fi«  Xxpexdasatal  arraageiaaat  for 
bbeervlBg  oharge  eepofatioa  la  deto>- 


D-5542  Botaae 


1V-3S48  Argon 


D.3590  Air 
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Fig*  9«  Bffoot  of  atoosphere  on  roltage  recorded  bj  eironit  of  Fig*  8 
aal^  bare  ooppor  probe*  Tioe  eoales  1*75  poeo^ni* 

For  the  porpoee  of  referenoe«  a signal  obtained  vith  an  nzkinealated 
probe  ie  inoluded*  In  order  to  keep  tho  eignele  wltbia  the  lioite  of 
the  osolUogpraph  eoreenp  the  elgnale  shown  in  Fig*  10  were  attesoated 
by  a factor  of  fire  relatire  to  those  shown  in  Fig,  9* 

Perhaps  the  most  planslble  explanation  of  the  potential 
differenoo  between  the  detonation  wave  and  ground  is  that  involTing 
charge  separation*  It  ie  postulated  that*  because  of  greater  mobili^ 
ty^  more  electrons  than  positive  ions  escape  froca  the  reaction  aoncf 
leaving  the  latter  positives  s,  condition  in  agreenent  with  experi- 
mental obsorvatioa*  It  is  further  postulated  that  electrons  escaping 
in  the  forward  direction  aj?e  spon  captured*  The  prosenee  of  the  re- 
sulting negative  rogion  in  front  of  the  detonation  wave  is  observed 
idien  suitable  aspIifS cation  and  time  resolution  are  used  In  the  signal 
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t3i» 

nhito  A potanfetal  diffnrrao* 


la  a fttndtj  cwfa« 


ttetf 

HEist  adBt  .b«t¥Ma  tte  detanatiaa  iwf<i 

^r*t«l  AS  A VholA  aOAt  aot  dATAlopA  A 

t ast  flhtrgA  ii  oburrfd  oa  esplealTA 


90b1X  ooDtettoiv 
35  all  plaatio  eoAtlBg 


0-3369  150  ail  eododaotaar* 

50  aU  xabbar  OAatlaf 


D-3374  100  all  ocndQot«r» 
■O  OQAtlBf 


0-3376  30  all  oondaetcoTy 

15  all  fflMBa  ooAtiag 


W«.  10«  Effeot  or  probe  Insulation  on  roItAf^  rooordod  by  oironlt 
la  Flg«  8«  Ths  record  fron  a bore  probo^  sboifiB^  a ^O^Wolt  deHoA- 
tlony  if  shova  for  r«feroae«t  0-3374* 

Vbstber  or  not  the  above  explanation  of  the  aeeond  eleotrl- 
eal  effeet  le  oorreot*  it  is  ix^rtant  in  using  the  pin  taohnique  to 
be  avare  of  the  phenooenon.  Failure  to  properly  ground  the  detonatlQa 
vave  in  the  vioinity  of  a pin  avitoh  results  in  eleotrleal  noise  in- 
truding on  the  chronograph  record*  In  Fig*  11  is  ahoun  a record  ca 
vhleh  this  has  occurred*  Ohe  pin  signal  appears  at  the  rl^t  and  of 
Una  10  iBsasuring  froa  the  top^  of  the  pattern*  In  the  vLcrt  seotioa« 


CiMBpbtait  BbSX 


Mibodii  of  grenadiag  tho  dotoootioo  v«fo  oo  »•  to  oHotorto  oflofftriool> 
oofM^vmbo 

Iho  third  ^po  of 
tvioal  offoot  obsorrod 
pitooiTO  iM  dotooatod  io  a 
tioft  vhiak  Mj  bo  sloilar 

ta  that  obtoxTod  bj  XallalT^*^ 
Xhia  radlatloa  dooa  aot  iatoapftara 
with  tho  iignal  olroaita  dooortb^ 
od  hoTo  for  nao  vttfr  tbo  pdte 
teo^qtuiy  bat  la  dioenaaod 
brieflj  for  tho  oaks  of  ooeqploto* 
aoao*  It  resulta  trcez  tho  d»rgo 
aoporatifln  anatloaod  obovo  ood/or 
ftim  tho  foot  that  vhoa  a plooo 
of  oxploaiTO  ia  dotonatod  la  alr» 
tho  ahoek  vafo  0Qa» 

atitatoa  aa  oxpoadlB^y  eoadoatlag 
ostrolopa*  Za  tho  proooaoo  of  aa 
oloetrio  or  a Bs^notlo  flold^ 
••g»§  tho  earth*8«  this 
boeosioa  polariced  and  its  aorfOao 
ohargo  prodaeoa  effeota  ia  oxtoxw 
aal  axaioo  oquiraloxit  to  thoao  of 
a dipolo«  It  haa  boon  oaperiaantany  deaoaatrat^  that  tho  olootrloal 
offo^  of  thia  dlpdo  eaa  bo  adoqoatady  doaoribod  by  aaaaa  of  <piaal* 
•totiottary  fiold  thoory* 

Zf  tho  o^osiTS  beiag  detoz^tod  ia  partietdarly  dofidoat 
ia  oaorgOBf  o«g«t  TwpsZf  tho  radiatioa  aicaal  exhibit^,  tvo 
tho  fl^  ia  attrlbatedf  aa  csntiocod  aboTo^  to  tho  ooadootiag 
aavOf  tho  aeeoad  to  tho  flaiaa ' prodaoed  by  oddatioa  of  tho  dotoaatioa 
prodMto  aftor  with  air» 


Vlg«  11«  SaiQilo  raator  rooord  ohow- 
lag  olootrloal  aoiao  ea  dotoaatiea 


CEiBGK  PRSHRATZOI 


Tho  pla  toehniqao  for  xoaauriag  dotocatloa  roloeltieat  aa 
amtioeod  aborot  la  eapaUo  of  rosy  hi{^  prjcloioa«  iho  ataadard 
orror  of  obaorratioB  eaa  bo  rodaced  to  hotter  thsa  d.ljC  of  tho  roto 
for  ehargoo  a fov  Inohea  ia  leagth*  Sxpresc  -d  in  tonsa  of  tijDOt  tho 
ataadaxd  orror  la«  for  moat  ozporlsbntay  independent  of  tho  totol 
tiao  ooTorodf  azoountiag  to  approzIrLately  3 z 10^  oee.  Thia  prooiaioa 
ia  aaaloaay  hoimert  a^oaa  orory  preoaatlon  ia  tahoa  ia  tho  pro> 
paratioa  of  ehargea  for  rato  Bsactoiaaenta*  Scaa  of  the  preeaatioaa 
to  bo  diaeoBaod' hero  remilt  tsrea  tba  natore  of  tho  pin  teohni^pioy 
othoro  aro  aoeooaary  to  any  preoiso  aot!  A of  asaauxdng  dotoaatiaa 
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If  I IPB  y • 


1— uaiBi  that  tmifMm  •»plo«lT>  hnA:  auft  tbat  dnudtgr 

tx»  Inei^  thA  flrat  poraUlMt  la.  oharft  prapTatiaa  la 

tha  emaa  of  liqoiA  onffoiitPiO^ 


ohargod  prdbot  mqt  te  laoaartod  %»  tlbam  la  rig* 

proiboo  eaa  bo  aoaoagad  villi  a 
oatbotoMotor  to  a prooliioa  of  aboet 
1 ail*  igr  aoaaa  of  tho  oeaiaa 
gMnaAf  «ba  dotwatii  vB?a  la 
talaod  at  grooad  potoatlala 
ohargt  of  tho  pla  alaDiir  oapaaitora 
takaa  plaoo  via  tha  apaood  iircbia 
aad  tha  dotonatloa  vava  to  gw—ida 

for  graaolar  oaqpQLoalvoa  at 
low  leadiag  donaitioa  tho 
naod  ta  ahown  la  fig*  U« 
mAteh  la  ocapoaod  of  a pair  of 
0opptr  vlraa  atrot^iod  taot  bgf 
of  a oIai9  od  tho  ootaido  of 
thbo* 

vlroa  la  rogolatod  to  a fia  Mltl- 
ploa  of  tho  niTlTOi  gnda  alao*  Zv 
ordor  to  avoid  pranatara  oparaHaa 
of  tho  avlteh  bj  aaoaa  of  photo* 
ioftlaatlong  oaiaudod  vlroa  art  loaod* 
Axial  apoolag  of  tho  vlroa  la  ooa* 
trellod  hy  boring  tho  bdoa  for  thoa 
vlth  a aUTIng  aaohiaa* 

Zb  high  doBslty  prosalaga 
and  la  eoatlagSt  thla  aatal  folia  ora 
naod  to  tcm  pla  avltehoa  as  oxplala- 
ad  earllor*  tho  poaitloa  of  tho  and 
of  oaoh  ohargod  foil  rolatlw  to  tho  eeator  of  the  rate  stick  la  kapt 
eonataatf  othorvlaa  the  earvod  dotonation  front  will  not  short  all 

avltoboa  in  ozaotljf  tho 


fig*  12«  Fla  avitoh  arsangaaaat 
for  llqaid  aa^loaivoa* 


W«.  13*  Pla  svltoh  arrangoaant  for 
grasolar  axploaivoa* 


vanner*  To  avoid  tha  tuto  of  a 
lajer  of  glua  to  hold  tha  foils 
la  place  the  latter  are  sols* 
toned  with  water*  An  alter- 
native  aethod  of  foxialng  pla 
avitohea  is  to  use  a oocavm 
ground  on  tho  outside  of  tho 
eherge  such  as  io  used  for 
liquids,  and  to  use  a aingla 
charged  foil  eztvnding  ia  to 
the  center  of  the  etiok* 

After  the  aethcd  of 
avitoh  insertion  has  been  de- 
cided, in  the  case  of  tho  oast 
or  pressed  explosives,  scoae 
aothod  of  assembling  the  ng» 


t 
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Halint  Bogd»  HbrXT 

? • 

B»nt»  m»t  b4»  d»vis«d,  A*  •iaplaat  Batted  i»  to  tape  tte»  togetter 
uai]^  o p^aaura  soiisitiT* yUpa,  Tba  uaa  oT  oaUopbm  tapa  haa,  tow 
foorteBatalji  aoTaral  dia^i^tantagas«  ohlaf  among  %dvtoh  la  tha  dasg^  of 
Jotting  If  tte  tapa  lo  appliad  loooalyw  Vhan  a snail  spaoa  axiotB 
tuaan  tha  latarol  asrftea  of  tha  tiuurga  and  tape^  a gaa  'jat*'  boj  ha 
fonaadk  This  Je^jaax  pracaal  tha  datonatlon  vaTO  hj  sararal  of 

a Bieroaae<MQd  anu  dlsoharga  tha  pin  switch  pronatardlj* 

A p^'farrad  nsthod  cf  oharga  asaaa^blj  la  that  of  clamping  as 
ihflwn  In  This  laaraa  tha  sidas  of  iba  chaxg^  fraa  a^  PPMS* 

Tidsa  pesiti’va  aontaet  batvaan  charge  aa^sasta..  Xt  in  wall  to  pciah 

oat  hara  again  that  calx 
thlimast  poaalhla  foils  arc  osad 
batvaan  sagaants  so  as  to  ksap 
tha  gap  batvaan  sagnants  as 
soiCLl  as  possible.  This  la 
Booassarx  beeausa  an  air  g^ 
ZBsalto  in  a nomantarj  slowing 
of  tha  datonatlon  vaT0»  perhaps 
by  dissipating  tha  wen  Vaonaa 
"splL:'*.  OnantltatlTsIyt  a 
small  gap  is  baliatad  to  1»» 
oreass  tha  transit  of  n 
Tig.  14«  Kothod  of  chsTfS  aascDbly  pises  of  azploalws  by  sbont  10^ 
using  clsnpltig.  sac  par  mil  thloknass  of  tha 

gap.  Thna^  in  a two-inch  sog- 
Kant  of  az^oslTa  having  a dato- 
natlon valoolty  of  8000  ti/ew$  a booster  gap  of  1 sdl  voold  rasnlt  in 
a valoolty  error  of  sppiroxixuitaly  10  iv^sse. 

Zb  boostarl^  tha  ohargat  a aln^a  detonator  or  a 
wave  generator  la  usadf  folloved  with  2 to  6 disDosters  of  booster 
Identlesl  with  tba  oharga  over  which  rata  Beasoremants  are  to  be 
taken.  Vhan  using  high-enorgy  boostors  on  rate  otloks  with  low  dsto- 
natlon  ratas^  it  has  been  found  necessary  to  iepeds  the  esqpansioB  of 
the  booster  gases  by  Beans  of  a coating  of  putty  or  sand^  slnee  In 
sens  eases  tha  booster  gases  have  poraoeeded  tha  detonation  firant  in 
the  otiokf  closing  the  pin  svltohos  preoatoraly* 

In  making  velocity  measuramont  on  low  energy  explosives  or 
on  atloks  of  large  diameter  it  Is  frequently  advicable  to  provide 
grounding  In  addition  to  that  furnish^  by  the  groundod  side  of  the 
pin  sviteh.  This  results  from  tha  raalstanoa  of  the  dotoxu&tion  wave 
and  explosion  products— the  groiinded  side  of  the  pin  svitoh  falls  to 
ground  the  wave  near  the  lead  from  the  pin  mixer.  As  s rasulty  tte 
latter  begins  to  respond  to  the  generatiott  of  charge  on  tte  shook 
frontf  introducing  noise  on  the  chronograph  record  to  the  extent  that 
the  latter  may  not  be  assessable.  It  is  the  practice  In  suoh  instances 
to  run  a ground  lead  paralleling  each  charged  probe  aivi  extending  bs- 
yond  the  limits  attained  by  the  ohook  wave  during  the  observation. 

A final  preoautioa  vhioh  moat  be  taken  if  high  precision  is 
to  be  maintained  is  ‘^ba  control  of  firing  temperature.  The  detonation 
velocity  of  ITltromethansi  for  example^  has  been  found  to  vary  with 
the  initial  temperature  at  the  rate  of  —3.7  , In  tte 
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Flfi.  15.  Kbtr/mt  ditall  of  •Bocaibly  of  O.JOO  in.  dlamotor  cbargo  oa  t« 
notebtd  blocks » Bslcvi  fully  assembled*  Mixer  in  foreground* 


oaaa  of  Ocapoaltloa  B»  KKttt»^t4^  bM-  found  tho  traaait  tlao  to  vary^  to- 
rorsoly  with  tho  tempmtm  at  tbo  rate  of  IJt  per  100®C,  Taldng  the 
Itaoer  ooeffloient  of  therBsal  expaxulon  to  be  5 x 10-5/oc  the  velocity 
TMiatlan, yoald  be 

rt  1*  tharefbre  evident  th&t  par6ef»io»  rate  etlelce  any  t»t 
be  eiqpoaed  to  dlreot  wmligfat  nor  fired  without  suitable  theraal  in* 
BulatioB  If  preoise  data  are  desired. 


In  Tables  Z and  II  are  shown  ssnple  data  taken  with  the 
eleetronie  technique.  In  taking  such  data^  it  is  ooonon  praotiee  to 
operate  several  sweeps  in  parallel  to  produce  replicate  records.  This 
Bay  be  done  to  guard  against  the  failus^  of  a single  olreult  to  oper- 
ate properly,  or  several  resulte  may  be  averaged  to  further  reduce  the 
error  of  amlyais. 


TABLB  r 

Sample  transit  time  data  for  pressed  THT.  The  oharge  ooz>» 
silted  of  six  seotlona  1/2  inch  in  dlanster  arranged  in  a cdum. 
TWmsit  time  data  were  taken  over  the  last  four  seotions. 


Ootonation 


Deusitgr 

g/oo 

sveep^3 

Transit 

dwe8p-4 

time,  |isao* 
sveep-5 

average 

velocity 

s/sac 

1.6A2 

7.338 

7.330 

7.333 

7,333 

6925 

1.642 

7.338 

7.339 

7.336 

7.336 

6921 

1.6a 

7.337 

7.321 

7.334 

7,334 

6928 

1.6a 

7.338 

7.334 

7.333 

7,333 

6929 

•The  record  froa  sweop-7  is  shown  in  Fig,  3.  Shot  No,  B324J. 


TABLE  ZZ 


Sample  txvnsit  time  data  for  Nitrcae thane.  The  explosive 
was  contained  in  a glass  tube  2,570  inches  in  diameter  and  30  inches 
long.  Fin  switches  wore  arranged  as  shown  in  Fig,  12, 


Switch 

Transit  tlmei 

, (kseo 

Detonation 

interval 

velocity 

■B 

sveep-2 

8wecp-4 

8veep-5 

average 

a/sec 

126,27 

19.903 

19.893 

19.896 

19.897 

6346 

134.99 

21,252 

21,272 

21.274 

21.266 

6348 

12?  a5 

20.388 

20.385 

20,379 

20.384 

6349 

Additional  data  taken  with  this  technique  are  presented  in. 
other  papers  given  at  this  oonferenoe  Inoludlngi  Detonation  in 
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Gaa^baH^Kalist^  Bogni^  Boll. 


BoaoeasMos  Si^oslTtts  asd  FartiaXa  Sis*  Xrf»*t»  i*  OB*-aztd>Tiio-CcK* 
pooeot  Siq^belTaB* 

CUMULUaif 

A teobniqo*  haa  deraloped  for  Beaanrlag  tz^nslt  tlaea 
la  exploslvea  ehargaa  idiloh  la  oapAbl*  of  bigger  preoialosi  than  ara 
the  sethoda  heretofora  U86d«  Vhile  it  eaa  be  uaad  In  eonjunotlos  vlth 
tfta  atreaB  oaxsra^  ft  fa  not  anb^ee't  the  IfirttL.ttona  o^tfta  2kttev 
Diatortlon  of  the  detonation  vave  at  tZia  titarge  boundaries  are  not. 
detrlBental^  nor  does  eonflnenant  of  the  charge  in  natal  or  other 
opaque  sateriala  has^per  the  seaffuresant  of  detonation  rata»  Zf  full 
adyutage  la  to  be  taken  of  the  preeialon  afforded  by  the  pis  nethod* 
great  care  stoat  be  taken  In  preparing  each  charge  and  in  oontroUiBg 
the  firing  eonditioBB* 
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A MICROWAVE  TECHNIQUE  FOR  MEASURUJO  p’^NATION  VELOCITIES 

>■ 


T,  J,  Bojdt  Jr,  and  Hater  T 
Lo3  Alamos  Scientific  Laborator/ 
Los  Alamos » New  Mexico 


The  neasurezaent  of  detonation  velocities  at  the  Los  Alamos 
Scientific  Laboratory  la  usually  aecom^ished  by  a pin  technique'^'. 
Bouevery  this  technique  often  proves  unwieldy  when  applied  to  non* 
steady  state  studies  where  tha  datonation  velocity  varies  with.  time*. 

In  such  oasesy  it  has  been  found  practical  to  employ  a microwave  tetit— 
nlqua  for  measuring  these  nonsteady  velocities.  This  technique  is 
based  on . the  reflection  of  microwaves  from  the  ionised  detonatloos 
front  and  yields  a sequence  of  datonation  velocities  which  are  aver- 
ages  over  equal  and  adjacent  intervals  along  the  length  of  the  ezqplo- 
slve  being  st'zdied.  In  a moasurement  of  the  detonation  velocity  where 
tha  pin  teohniqua  oould  be  employedy  the  microwave  technique  wo^d  be 
less  accurate  and  more  oocqplioated.  There  veroy  howevery  a sufficient 
nuzober  of  nonsteady  state  studies  vhezt»  the  pin  technique  was  laqprae— 
tloal  to  warrant  the  developeaent  of  the  microwave  technique  for  rotXp-> 
tins  zise, 

Bafora  the  actual  microwave  system  is  explalnedy  tha 
technique  will  be  illustrated  by  considering  the  simplified  version 
shown  in  Fig,  1,  A sdcrovave  oscillator  is  connected  to  a lossless 
waveguide  section  which  is  terndnated  by  a perfectly  conductingy  mor- 
ahle  piston.  In  order  to  isolate  the  oscillator  from  any  load  changes 
caused  by  the  piston  novementy  an  attenuator  is  inserted  between  the 
piston  and  the  oscillator,  A probe  is  inserted  to  sample  the  electric 
field  in  the  guide.  If  it  is  assumed  that  only  one  modoy  or  field 
eonflguratlony  exists  in  the  waveguldey  the  eleotromagnetlo  field  in 
tha  waveguide  can  be  represented  as  tha  sum  of  an  incident  and  a re- 
flected wave.  In  the  lossless  case  ccneidervdy  the  svun  of  the  waves 
is  a pure  standing  wave.  The  transverse  electric  field  intensity  Is 
zero  at  the  piston  and  at  distances  which  ore  an  integral  number  of 
half  guide-vavalengths  from  tha  piston.  As  the  piston  Is  movedy  a' 
periodic  signal  is  recorded  by  the  probe  and  detector.  One  cycle  of 
the  recorded  signal  will  correspoizd  to  a piston  displacement  of  one- 
half  the  wavelength  in  the  guide.  If  tha  guide  wavelength  and  the  in- 
itial position  of  tha  piston  are  knowny  then  the  position  of  tho  pis- 
ton as  a function  of  time  can  be  determined. 
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analTsli  assumes  the  presenoe  oT  01117:  cna  moda  ia 
'Uia  salde«.  It  is  poseihle  to  choose  the  diaeneions  of  the  guide  suoli 


Figure  1 

that  only  one  modei  the  ao-called  doolsant  mode,  can  exist  is  the 
guide.  For  a vavegolde  of  circular  cross  aeotlon  of  radius  r,  t]b« 
condition  for  the  ezletence  of  only  the  dominant  mode  is  given  by  the 
expression. 

,J\/5.412  £ rtf  A/2*6aLJ 

idiere  \ is  the  wavelength  of  a plane  eleotromagnetlo  wave  in  an  tm* 
bounded  voltme  of  the  dieleotrio  in  the  vaveguich  The  wavelength, 

^ , oan  be  related  to  the  operating  frequency,  f , of  the  osolllator 
iij  the  expressioa 


where  Gq  Is  the  velocity  of  light  in  free  spaoe,  and  €1  and  pi  are 
the  dielectrio  constant  and  cagnatlc  permsability,  respectlvaly,  of 
the  mediua  in  the  waveguide.  Vhen  the  dimensions  of  ^le  guide  and  tha 
operating  frequency  have  been  chosen,  the  guide  wavelei^^,  Ag,  can 
be  computed  from  the  expression 


where  the  critical  wavelength,  Ao,  for  the  dominant  mode  in  a guide 
of  olroular  cross  section  is  given  by 


Bo3Kf».  FUcut 


Ao  » 3.412- r 

T&ift  «iB|fElf!fad  Twraien  eea  new  be  eesnpared  vltb  t^e  prac>- 
tical  eirottit  aboun  in  Fl^.  2.  Tbe  piston  la  replaced  by  the  datcAa» 
tion  and  tbe  probe  by  a vavagnide  oryi^  detector  Bocmt.  A 


Figure  2 

short  length  of  flexible  '’coaxial  cable  couples  the  crystal  detector  to 
an  exploslTOoflUed  waveguide  i^ch  is  Inserted  In  the  ex]^oslve  to  be 
studied.  This  cable  permlta  isolation  of  the  electronic  gear  from  the 
explosive  systemi  thus  minimizing  the  equipment  expenditun  par  shot* 
Ao  in  the  simple  sodely  the  signal  at  the  detector  should  be  periodic 
with  a moveinent  of  Ag/2  of  the  detonation  front • where  Ag  ia  the 
guide  wavelength  in  the  explosive-filled  guide. 

Some  of  the  functional  details  cf  the  circuit  shown  in  Fig. 

2 should  be  explained.  The  klystron  operates  at  a frequency  of  9300 
megacycles  per  second.  Tbe  tuner  adjacent  to  the  klystron  is  adjusted 
for  marlTmim  power  output  frosn  the  klystrony  and  the  attenuator  isolate 
the  klystron  fresn  load  okangea.  The  deteotor,  together  with  its  tuner 
is  mounted  on  the  aide  am  of  either  an  E-  or  H-j^ano  tee.  Both  the 
deteotor  and  the  vaveguldo-to-coaxlal  adaptor  are  matched  to  the  \nve- 
guide  before  assembly  in  or<^er  to  obtain  a larger  and  more  reproduclbl' 
signal  amplitude.  Since  the  Impedance  of  the  crystal  mount  may  depend 
upon  its  power  level  and  external  loady  it  should  be  matched  at  its 
expected  power  level  and  normal  operating  load  impedance. 

The  waveguide- bo-coaxlal  adaptor  is  matched  with  a long  longth  of  the 
relatively  lossy  cable  y which  simulates  an  infinite  length  of  Una  at- 
tached to  the  adaptor.  The  cable  is  then  cut  to  the  desired  lezxgth 
(up  to  6'  lengths  have  been  used  and  longer  lengths  may  be  used  if  the 
attenuation  of  the  cable  is  not  objectionable)  and  the  braid  at  tbe  ou 
end  is  folded  back  over  the  outer  covering  of  the  cable,  exposing  a 
short  length  of  dielectric  and  inner  conductor.  This  abort  longth 


35 


of'  dlaltotrie  and  limar  coadootor  fonts  a prol^  is  inserted  in: 

tlie  e:q;]losiTe>-<filled 

The^  exploaiTS-fined  vaTSgiide  is  prepared  bj  aadliittSnc  ^ 
stiel:  of  szpIoslTSy  vrajipisig  it  vith  a thin  lajer  of  altnslnna  foiZ^ 
and  drilling  a hde  sear  one  esd  for  insertion  of  the  probe.  The  dia^ 
aeter  of  the  stick  is  ehosen  to  allew  pr^gation  of  odj  the  doadnant» 
or  node.  For  exsai^et  at  an  operating  tnbqamay  of  9300  aega^ 
oyoltBy  the  stlek  dlazsoter  for  Composition  B la  approzijBatelj'ane-hdf 
lash*  Ben  thi*  aisajt^ib  of  CoBpMltlon  B at  an  eposatiny  fxeqiteiisi^ 
of  9300  BSgaoTolOBy  Ag  i»  approadsatelT*  3 eentineters.  The  stidr  Xv 
aade  longer  than  the  ezplosire  to  be  tested  to  permit  Insertion  of  tbs 
probe.  The  hde  for  the  probe  la  drilled  perpendicular  to  the  axis  of 
the  stick.  This  orientation  of  the  probe  permits  efficient  exoitaidon 
of  the  dominant  mode.  The  depth  of  the  hole  and  the  distance  of  tho 
center  of  the  hole  from  one  esd  of  the  stick  is  approxisately  Ag/4« 

The  stick  is  wrapped  with  two  layers  of  0.5  nil  slnmlnon  foil.  This 
vsll  thlokness  Is  sufficient  to  confine  the  eleotrcmagnetie  fields  to 
the  interior  of  the  waveguide  but  does  not  neasnrably  affect  the  deto- 
nation la  the  explosive.  Experiments  using  the  smear  camera  teehnlqps 
have  shown  that  wall  thickness  of  15  sdla  could  be  tolerated* 

If  air  apaoes  exist  between  the  explosive  stick  and  tho  foiZ«- 
5ettiag  will  ojour  with  resultant  distortion  of  the  reoordsd  sigiaflt* 
Those  air  spaces  can  be  eliminated  by  coating  the  stick  with  a thin 
layer  of  sllioons  grease  prior  to  wrapping. 

Tho  explosive-filled  waveguide  is  inserted  in  a hole  drilled 
in  tbs  piece  of  explosive  under  test*  Silicone  grease  is  used  again 
to  o-gwiufift  air  spsoes  between  tho  wavegoids  and  the  surrounding  aat- 
ploolve.  Both  tho  stick  and  the  piece  of  eaqplosive  being  tosted  should 
be  of  'ttio  sama  oocqposltloa  end  dexisity* 

Holso  originating  in  tho  e:^08lvw  or  la  the  aeohanlsa  used 
to  detonate  the  explosive  eon  obscure,  the  aignal  trace  received  from 
the  detector.  It  was  found  that  this  nolee  could  be  effectively  eli- 
minated by  avoiding  any  eleotrioal  oonneotloxij  between  the  detonated 
e:q]lo3lvs  and  the  waveguide  or  external  circuits.  In  partlculart  idien 
the  probs  is  Inserted  in  tho  waveguldOf  the  biuid  of  the  coaxial  cable 
la  separated  by  a layer  of  omeant  from  tho  foil  wrapped  around  the  ex- 
plosivo-fUIed  waveguida* 

A clroiilar  disk  of  alTOrfnun»  0.2  xdla  thlok,  placed  over  the 
end  of  the  vavegulda  shields  the  microwave  oirouit  from  events  ocourlng 
prior  to  the  time  when  the  detonation  reaches  tho  waveguide.  The  start 
of  the  signal  trace  records  the  time  when  tho  detonation  front  has 
reached  the  waveguida.  The  arrival  of  the  detonation  frout  at  the  end 
of  the  explosive  being  tested  is  dotooted  by  a pin  contact  time.  This 
pin  tins  is  necessary  since  the  rooord  does  not  end  until  the  detona- 
tion front  arrives  at  the  probe*  Tho  rderovava  detector  signal  and  the 
pin  aignal  are  recorded  on  separate  oscUlosccpea*  The  two  displays 
are  correlatod  in  by  a common  refeirenoe  pulse  placed  on  both* 

Ropresentatlve  aignal  traces  are  ohovn  in  Fig.  3.  Each  sig- 
nal trace  is  accompoaied  by  a time  calibratlcn  trace.  These  traces^ 
together  with  a knowledge  of  the  length  of  tie  explosive  being  tested* 
provide  sul'fiolent  information  to  dotermica  the  timee  when  tl\e  detona- 
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tloo  rront  has  reached  a seqaenoe  of  poaltions  Sb  tto  u^osiTO* 
SlBca  tha  datonatloa  ftron't  has  aioved  a df.staca  of  fig/2  doBis^  tha 
tlaa  latarval  batveen  ooBaoai  referoace  p^iata  on  ao3r  two  adjaoaut  03 
olas  of  tha  reeordt  tha  half-gaido  vavelaagtb  ean  ha  frumd  hx  divltfj 
tha  laagth  of  tha  azj^oslva  by  tha  total  iwanh«r  of  cyolaa  Ixx  tha  ra* 
oord.  Usuilly,  greater  accuracy  can  ba  aohlarsod  by  raadlag  tba  paa] 
OP  troughs • of  tha  racordy  rather  than  an  arbitrary  refesrenca  point 
each  oyola*  Tha  IncoBiplate  and  Intonrals  of  tha  record  icost  ba  as- 
signed fraotlona  of  a cycla*  TZoless  there  Is  additional  InfonBatioa 
on  the  dutonatlon  rata  of  the  ax^doslvdi  it  Is  assumed  that  tha  and 
intervals  have  tha  sesta  periods  aa  their  adjacent  intervals*  With 
this  assumption)  tha  half— guide  vavelezxgth  for  the  record  shown  in 
Fig,  3 la  given  by 


where  L is  tha  length  of  tha  explosive  being  studied,  is  tha  tio 
when  the  mlorovava  signal  startS)  t^  la  t \9  pin  contact  time,  n is 
naanber  of  eomplate  oydaa,  and  t^,,  ...  tj^»  t-  are  the  timaa  f 
the  peaks  (or  troughs),  ^ being  tha  time  for  the  first  peak  and  tjj 
the  time  for  the  last  peak  before  tba  pin  contact  tlma.  At  time 
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Tbmtm  tbt  position  of  tho  dotonotion  fipont  no  n of  tins 

M^o^tettnlaod*  Ooto&fttioa  Tdlodtloo  ooa  bo  dbtdlaod  tram,  this 

IX  ohaaM  bo  snphsslood  that  tho  sdoaeotcnvo  tooZatigoo 
not  bo  used  vhoro  tho  pin  tpohnlqoo  bsj  bo  os^opo^  Bto  noottnoj  of 
ths  pin  toohalgoo  Is  sod  tho  sooorooy  of  tho  mlerouttro 

nlgoo  Is  of  tho  ordsr  of  ono  os*  tMo  poroonta  Tho  sdozonw  tochBigiio 
Is  Bore  ooegdlestod  boesnso  of  ths  grostor  dlffloultj  la  fbbrlootiac 
tho  oxploslTO  ohargo,  sdjnstlag  tho  assstolBg  ogi^pBont*  sad  intorpco. 
ting  the  signal  rooozdSa  Za  sddltieni  tho  Blorowsiro  to<dmliquo  Is 
llBltod  to  those  explosives  vhleb  haive  good  dleloetflo  Fropertles. 

Vhoa  snpUeahlot  tho  Blorewave  toohnlgoo  provldoo  sa  slaoot  eoatlaaoos 
BoosaroBant  of  the  posltloa  of  tho  dotonstloa  fjreoi  aa  a of 

ilos  vlthoot  Boasardblsr  affecting  tho  dotonatlonsa  g1**«*^  tho  orooa- 
seotloasl  area  of  tho  vavegaido  Is  saallv  slgniQ.  diatoErtiflB  dao  to 
bloats  and  variations  ia  the  wavefom  of  tho  dotoaatloa  f^ont  la  alaost 
Bo^Llglfalo. 

Za  tho  poooodlag  paragraphs^  a aethod  lavolvlag  adorowavas 
has  boea  dosorlbed  for  bbsarvlag  tho  valooitgr  of  a dotosmtdm  vm  la 
ths  Interior  of  sa  exploslva  oharge«  Olroalta  for  geaoratlcg  g*. 
tooting  ths  atorovaves  togst^  with  ths  dlspdax  and  rodnetion  of  tho 
rssoltaat  slgaal  have  been  disoussod*  Tho  dssorlbod  S7ota»  Is  Eroseat> 
I7  balag  aasd  at  ths  los  Alasos  Soloatlfis  laboratory  hTTmtlM 
baais* 


Cl)  "TsobDlqaaa  for  ths  MsasQriosat  of  Dstonstlon  TaZooity.  A.  V. 
CasqdMllt  •t*  si*  (T^  oeafOrsaosK 


f . 0.  Oibaoa,  M.  Bovanr^  C.  B»  Bmmrm, 
r,  Boott,  i,  C.  Coppor,  and  C.  X.  Maoox 

U*  8.  Buraaa  of  NLnas 
Pittabor^f  Panniylvaaia 


Introduction 

Tha  teoparatura  in  tha  datonation  front  ia,  .at  tha  praaant 
tlBi,  ona  of  tha  parasMtara  noat  urcantlp  naadad  in  tha  f iald  of 
aolid  aiqploaivaao  fiaeent  aurraya  (l«  2)  ahov  that  although  tha 
aaaauraMnt  of  thia  paraaater  haa  baan  a aattar  of  aetlva  intaraat 
for  tha  asqparl&aBtal  datanination  of  dafinitiva  tanpara- 

turaa  haa  not  baan  rary  auoeaaaful.  At  tha  laat  oonfcranoa^  atudiaa 
(3,  k)  vara  raportad  on  tha  luainosity  aaittad  frooa  tha  axtarior  of 
ehargaa  detonated  in  air,  in  water,  and  in  a partial  vacuum.  Tha 
luninoaity  raoorda  obtainad  at  that  tina  vera  difficult  to  intarpret 
owing  to  9 multiplicity  of  paaka,  and  it  now  appears  that  true  anpll* 
tudes  vara  not  Obsarred  due  to  tha  integrating  affect  of  tha  field 
slit.  Tha  method  described  in  the  present  paper,  although  intro- 
dncing  a foreign  material  into  thv  explosiTa  powder,  provides  an  in- 
tarval  of  time  oohduaiva  to  samrling  by  ona-magaoyola  circuitry  and 
Tiavs  tha  datonation  radiation  at  tha  core  of  the  charge  in  solid 
axplosivas.  It  is  hoped  that  tesperatura  data  obtained  by  thia 
method  will  be  of  sufficient  accuracy  to  permit  its  use  in  developing 
a single  suitable  aquation  of  state. 


Theory 


The  two-color  method  currently  en^loyed  is  based  on  Wien'.; 
radiation  equation  which  assumes  that  the  radiation  is  black  or  grey 
body.  From  the  aq.uation 

\-5  -oo/XT 

Ex  - 01^  • 

It  follows  that  the  curve  obtained  by  plotting  the  logarithm  of  the 
ratio  of  the  radiation  densities  for  two  wavelengths,  and  X2, 
analnst  the  reciprocal  of  the  absolute  tecperatxvre  will  be  a 
straight  line.  The  slope  of  the  line  depends  on  tha  frequenclew  of 
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datnafiM  t&a  aaturt  eef  tha  aymUiftla  radlatios,  spccr* 
tragraas  af  detoxuEttBf  tairyl  v*r«  takaa  by  aiaptrlagpoaiBg  tba  radia- 
tion froa  tha  axial  caTitiaa  of  tvalra  obargaa.  It  vaa  hopad  that 
ndlatloa  froa  tha  tatryl  ohax^  eoald  ba  eoaparad  vlth.  tha  radla- 
tioo  froB  tha  axploalva  pelleta  ttaed  la  tha  taapasatara  uoadu  Sqm*- 
aaM»»  aa.  tiia  ardlatica  trm  tha  fhnaaz^ratai^^  taalM  riMta  i» 
a aaak  tpmitrxm.  It  haa  not  proved  practical  to  bbtala  apactra  ttem 
tha  chargaa  uaad  for  taaparatura  detezninatloa.  A fall  lirraatlgatioa 
of  thla  vlU  ba  aada  aa  tiaa  pamlts.  Tha  apactrua  obtainad  la  a 
eontinuuB  axtandlag  throat  and  vail  above  and  balov  tha  region  of 
tha  apaetral  paaa  baada  of  tha  tvo  Intcrfaranca  flltera  employed. 


Method 

a 

Tha  novel  feature  of  thla  aathod  for  aaapllng  tha  radiation 
which  la  to  be  evaluated  for  quality  la  the  uae  of  a tranapgrent 
plaatio  rod  lahedded  axially  in  the  exploalve  charge  during  fahrloa- 
tloir  of  tha  pallot*  Thla  rod  (aathyl  aethaerylatey  protrudaa  froaa 
the  end  of  tha  exltsder  oppoalte  to  tha  initiated  and.  Zn  thla  wajj,. 
the  radiation  at  the  core  of  the  ej^loalva  ia  trananitted  along  tha 
plaatio  rod  by  Internal. ref  lection  to  the  aperture  of  tha  aenalng 
equlpsiant*  The  charge  eonfinea  itaalf,  and  the  expXoalon  presaurea 
eaaentiul  to  hlgh-or'der  coapleta  detonationa  are  maintained  at  the 
tone  of  meaaurenient  aa  the  plaatio  ia  completely  axuTotmded  by  hi|^ 
exploalve*  The  rod  la  Inserted  Into  the  charge  for  a diatanee  of 
about  2 cm.  providing  a detonation  front  transit  time  of  3 co:  more 
adcroaeeonda^  depending  on  the  velocity  of  detonation*  This  inter- 
valf  which  la  relatively  long  vitb  respect  to  the  response  tlaee  of 
electronic  equipment,  permits  the  teiaperature  to  be  evaluated  aftar 
equilibrium  conditions  have  been  attained  in  the  system.  Zn  addl-  - 
tlon,  reflneaent  of  the  system  may  give  tenperatiure  gradients  along 
the  rod  due  to  non-homogeneity  in  the  pellet  density,  a result  of. 
vail  fblction  effects  of  both  the  fabricating  die  end  the  plastic 
rod  during  pressing.  A cross  sectional  viev  of  the  charge  Is.^ shown 
In  figure  1.  The  end  of  the  rod  is  pointed  to  allov  povder  flow  in 
pressing,  thus  preventing  the  pile-up  of  povder  on  the  end  of  the 
rod.  Such  plle-up  would  result  la  undesirable  density  gradients  and 
rod  fracture. 


Typical  luminosity-time  records  for  TOIT  are  shown  In 
figure  2.  Figure  2(a)  Is  the  single-channel  trace  of  a TUT  charge 
fired  In  ambient  air..  The  waveform  is  analysed  for  tenperature  at 
points,  (a)  through  (e),  ear’i  point,  except  (c),  being  a maximum  or 
SO  that  the  aiqjlltudee  of  the  two  channels  can  be  compared 
accurately  at  that  instant.  However,  thla  method  makes  no  allowance 
for  response  times  of  the  equipment  which  may  impair  the  accuracy. 
Therefore  in  subsequent  analyses,  another  matbod  vaa  used  which  is 
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Illustrated  tha  wavaTum  of  a rrasanaolaqprestiataO  Btt  charsa  " 
(flgura  2(bJ  flrad  l^i  aa^iaat  ]^ropaaa.  Za  this  aatbci.  th*  xadla** 
tlo&  la  aa^plad  altar  aa  aqullihrlua  ocnditiba  baa  hauA  attalaad. 

pdBta  h*,  c*  and  e*,  •t  flalta  tlaaa  aftar  tha  i'tnt  ap- 
paaraaea  of  Itaduoaity  froga  tha  rod.  Tha  polxxta  h*  aud  vara 
choaaa  sa  aa  to  rapraaaat  tha  taag^araturaa  at  tha 
datonation  vava  vaa  lu  tha  daaaity  aagMsts  ahovn  la  tha  ^vma 
drawing  la  flgura  1.  Tha  ialtlal  a»  aay  ha  duo  to  tha 
araa  afffhct  at  t&a  rod  aaiLaa  valT  aa  to  additional  luBlaosity  froB. 
tha  shock  vava  upoa  l^et  on  tha  aad  of  tha  rod.  Zt  Is  hallavad 
that  tha  phanoaaaa  of  opacity  dua  to  ahook  praaaura  zkotad  by  other 
raaaarohara  la  plaatios  of  this  type  aay  occur  hera*  Hovavar  thla 
eaeaot  ha  varlflad  ualasa  ohargaa  vith  detonatioa  valoeitiaa  lovar 
thaa  tha  ahook  velocity  la  the  plaatlc  ara  tasted.  The 
diaphraga  ahova  ia  f Igura  1 pravantB  extraneous  radiation,  from,  aa^ 
taring  tha  ayataa  until  aftar  tha  detonation  haa  paaaed  tha  charge 
end  and  traveled  aeroaa  tha  gap  between  it  and  the  baffle  dlaphra®s. 
Of  general  interest  aay  ba  tha  faot  that  in  thla  systea  there  is 
about  ten  tiaea  aora  radiation  froa  the  rod  than  fron  a kv 
caxhoa  arc.  Isbq^  and  that  tha  air-ahock  radiation  aoplltude  ia  about 
tan  tlaaa  as  great  as  that  froa  the  rod» 

dtudlas  of  the  pellets  were  aade  with  the  inge-converter 
caasra  daaorihad  alaevhera  ($),  modified  to  provide  streak  photogra- 
phy. Cidae  testa  were  conducted  to  eetabllsh  the  radiation  luai- 
noaity  dependence  on  the  preaenee  of  air^  propane ^ and  the  plastic 
rod.  In  alTi  streak  photographs  of  charges  froa  ^ioh  the  rods  had 
been  withdrawn  shoved  ertrong  shoca  reinforcement  due  to  shock  colli- 
sion within  the  axial  cavity.  Ths  same  charge  fired  in  ambient  pro- 
pane shoved  only  radiation  at  tha  cavity  bottom  and  aiang  the  .ex- 
plosive-cavity interface.  The  luminous  cone  in  this  ease  can  be 
vlaualixed’ as  a demghnut  of  light  traveling  at  detonation  veloolty 
down  the  cavity  wall.  Exposxirea  also  were  aade  with  the  rod  in 
place  and  fired  in  ambient  propane  after  the  charges  been  care- 
fully vaciota- impregnated  with  propane.  Here  the  light  was  greatly 
reduced  when  the  detonation  reached  the  charge  end,  indicating  that 
aost  of  the  radiation  vaa  not  due  to  shock  action  on  or  in  the 
plastic  rod  but  to  the  eg^loslve  materieil.  Intergranular  volda«  or 
the  small  spaea  betveeu  the  rod  and  the  explosive.  The  actual 
source  of  this  radiation  la  still  unknown;  however  the  agreement 
between  tUe  experimental  results  sad  theory  strongly  suggests  that 
the  radiation  la  from  the  detonation,  xone. 

Apparatus 

A diagram  of  the  apparatus  is  given  In  figure  3*  The  ex- 
plosive charge  Is  positioned  as  shown  in  the  drawing  sad  during 
calibration  the  standard  source  la  placed  In  the  same  position  as 
the  charge.  Accurate  positioning  is  ac.  ieved  by  projecting  sir 
Image  of  the  hole  in  the  aperture  plate  through  the  window  into  tha 
bombproof.  The  slse  of  ths  hole  In  the  plate  la  such  that  when  It 
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1*  •alftrgtd  by  the  field  lene  it^  appears  slightly  larger  thin  the 
end  of  tha  plastic  rod  (about  Z/^  inehea^..  Tho  notor-dri^a  diaa 
acts  aa  a X10st  chopper  and  is  used  durltxg  calibration  to  prorlda 
a.a*  sigaala  froa  a steady  radiation  source.  A ^It  on  the 
periphery  has  a vidth  of  about  0.020  inch  and  scr.a  the  aperture 
in  about  fifty  aicroseeonds . The  pxxlse  width  on  the  calibration 
trace  can  bo  adjusted  by  varying  either  the  »' .t  width  (a  step  silt 
la  available^  and/oar  tSe-  aoter  speed  (iSae  dfirater^  of  the  dia^ 
fixed  at  IS  Inches).  A tanp-pBotoaultlplier  combination,  the  direct 
output  of  which  can  be  switched  into  the  trigger  generator  or  into 
the  oscillographs,  allows  either  single  or  repetitive  awe^  opera- 
tion and  is  controllable  in  time  by  displacing  the  laicp-phototube 
assembly  with  respect  to  a circular  aperture  in  the  disc  that  has  a 
fixed  relationship  to  the  slit.  The  trigger  generator  is  a slag»le 
thyratron  circuit  which  allows  single-sweep  operation  of  the  oscil- 
lograph from  either  the  ionic  conductivity  probes  in  the  charge  or 
the  disc  as  mentioned*  A secondary  lens  forms  a defocused  image  okT 
the  end  of  the  rod  on  the  photomultlpliera  which  are  1-1/2**  end-on 
types  so  that  the  entire  photocathode  sxirface  is  eqployed.  At  the 
cross-over  point  an  adjustable  slit  is  used  for  vernier  control  of 
the  radiation  entering  the  phototubes.  Cosrse  attenuation  is  pro- 
vided by  the  use  of  grid  attenuators  placed  to  the  rear  of  the  field 
lens  and  adjacent  to  it.  A half-silvered  mirror  aeparatea  the  light 
into  two  beams.  A transmission  filter  of  the  interference  type  is 
located  in  front  of  each  phototube  so  that  the  only  radiation  en- 
tering the  tube  housing  is  throu^  the  filter.  The  hand  pass  of 
each  is  70  to  100  angstroms  at  half  anqplitude. 

The  electrical  circuitry  comprises  a video  sapllflex«- 
oathode  follower  combination  and  a high-speed  oscillograph  for  ca^ 
channel  yielding  a signal  propox^ional  to  the  energy  density* 
Operating  levels  of  the  electrical  e<iulpment  are  adjusted  by  varying 
the  photomultiplier  dynode  voltages  to  provide  optimum  slgnal-to- 
noise  ratio,  and  a degree  of  balance  that  allows  a signal  ratio  of 
unity  to  ocour  necr  UCXX3*K|  as  the  desired  temperature  for  calibra- 
tion and  explosive  usee*  lies  between  2000*’K  and  60<X>*K.  As  previ- 
ously mentioned,  the  ll?ht  level  Is  adjusted  so  as  not  to  exceed  a 
inaxi.om  Qsplltud'i  on  either  oscillograph*  This  avoids  nonlinearity 
difficulties  that  otherwise  would  be  encountered  since  the  utilised 
radiation  varies  ovex’  a factor  of  several  hundred. 


The  film  records  (photogre^hie  negatives  for  the  explostven 
tests;  Polarold-Land  for  the  longer  sweep  calibration  truces;  are 
analyzed  by  means  of  an  optical  cosparator  with  the  asplitude-tlme 
selection  as  previously  described.  The  time  base  la  furnished  by  a 


crystal-controlled  oscillator  operating  at  a frequency  of  1,2  or 
2.$  megacycles. 


Resvilts 


Most  of  the  work  to  date  has  been  devoted  to  recognition 


Unclaaslfied 

• *'•  ^ Jt>  ^ h'*  kV 


of  tbii  apparmtui  for  dctoiMtloo  t<!i^p«Mtuji:« 
datorBiUL-t^^* 


QBOljUglfl«d^ 


of  thff  Idlogyncruig*  usd  dgfleiftooieg  of  tb*  gjrsteai.  Prellttlnry 
tostiag  of  the  a^ulpaent  vltH  xo4  sollate  hM  hcea  md*  for  tctryl. 
«nft  Tiff  itt  hoth  air  and  propaaa.  Tha  data  ara  eoxialderad  pra* 
liainarft  pending  eo^lete  calibration  of  the  epstaa.  Tentatlva 
datonatloa  taaparature  data  for  tatryl  aztd  TBf^  ehargea  fired  In  as- 
blent  air  ara  giren  in  table  1.  The  ten^ratura  of  the  TST  ie  higher 
becauae  of  the  influence  of  the  shoo>;  tesperaturee  la  the  air  both 
around  tha  sod  and  la  the  ^Dtargraat^ar  Toida.  In  the  tetryl^  a&f^ 
hae  a higher  danaity^  alr«ehoeh  Inainoeltlei  are  alaladied.  This  af^ 
foot  is  substantiated  when  the  data  are  eoe^ared  vith  t^&t  given  in 
table  2 for  similar  charges  which  had  been  propana-lapregaatad  and 
fired  in  a propane  surround.  Benaltiea  of  repreaentatlve  pellate 
of  each  i^losive  were  determined  on  three  tegmenta  (see  figure  l)« 
The  temperature  at  b'  is  considered  to  be  representative  of  the  B 
segment  and  being  nearer  the  center  of  the  ehaurge  le  probably  the 
desirable  tone  for  temperature  analyaia.  The  propone  effeetlvely 
reduced  the  air«ahoek  componente  In  the  temperature  obtained  at 
point  e after  the  detonation  had  passed  out  cf  the  charge*  Tem>er- 
aturea  of  the  jslr  shook  obtained  at  point  c and  given  in  table  1 may 
be  considered  Veaeonably  accurate  if  detonation  spectrograms  re* 
eently  obtained j indicating  a oontinuoa  for  the  eompoaite  charge  radi 
atloni  are  correct* 

These  results  appear  of  a reasonable  order  of  magnitude 
when  coBQtared  with  the  theoretical  detonation  tea^ratures  sbovn  inf 
figure  h (6,  7i  end  0)* 

Further  refinements  are  being  made  and  it  is  anticipated 
that  additional  data  will  be  available  which  will  support  or  is- 
valldate  these  preliminary  data. 
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Abstract 

A liLorosoope  has  been  built  using  the  principle  of  image  die- 
section  that  has  bean  applied  recently  to  the  optical  systems  of 
cameras,  so  that  aeries  of  ^otographs  can  be  recorded  at  blg)x  qgeed^ 
without  con^jlox  equipment*  (J»S.  Courts  oy-Pratt,  J.Hiot.Sci* 

A plate  esdbossed  vTithr  a large  ntESber  of  small  lenses  is  used  to  ([is- 
seot  the  pioture  into  small  elements.  These  are  all  recorded  simul- 
taneously on  a plate,  but  each  olonmit  ie  separated  from  its  neig^- 
l>oura  ly  a distance  that  is  large  cocqxred  vdth  the  size  of  the 
cletnent.  llany  successive  pictures  may  be  similarly  dissected  and 
reoorded  on  the  same  plate  interlaced  idth  the  othere.  The  dii^laoe- 
ment  of  sviocesslve  iznages  with  rec^eot  to  the  plate  need  only  be  as 
great  as  the  width  of  a single  pioture  element.  In  soms  cameras  tbs 
displacement  was  produced  by  altering  the  direction  in  which 
fell  on  to  the  lenticular  plate.  In  the  new  mlorosoope  the  displace- 
ment is  produced  by  traversing  the  photographic  plate.  The  phenomenon 
msy  be  studied  in  traixsmisBian  or  reflection  and  very  single  light 
sources  are  adequate. 

The  mloixpsoope  has  been  used  to  take  series  of  200  piot\irec( 
at  25,000  per  second  at  ma^ilfioations  of  several  hundred  Z.  Hi^er 
magni fl cations  ore  possible  but  at  reduced  speeds.  Any  amaller  mag- 
xiification  can  be  achieved  at  the  same  or  slower  speeds,  by  single. sub- 
stitution of  longer  fooal  length  objectives,  and  the  apparatus  may 
even  bo  used  for  high  speed  photography  of  ^stant  objeots.  It  has 
also  been  vised  to  take  series  of  shadcwf^phs. 

The  quality  of  the  pictures  is  limited  by  the  number  of 
lensleta  across  the  lenticular  plate  - at  present  320  lines  across  the 
field  - but  there  is  no  reason  ydy  larger  plates  might  not  bo  used 
with  corroBponding  inprovement  of  picture  quality  V55  to  the  point  at 
which  the  resolution  is  limited  by  the  objective. 

Ihe  microscope  can  be  used  to  unscromble  the  coc^osite 
record  for  slow  motion  viewing  and  for  conventional  printing  of  indlv^ 
idual  piotures.  Separate  unscrambling  apparatus  can  easily  be  made. 
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The  nicroacope  le  hein^  auJi  to  study  the  earlleet  stages  of 
detonatlon^  phenomena^ 

The  speed,  the  range  of  ma^ilflcatlons,  and  sSx^HcAtX" 
of  the  uppajntyxa  make  it  svii table  for  the  study  of  many  physical 
problecas* 

IntTOdaction  In  the  fiesean^  LahcxatOQT  thA  Savalca  and  Cheolatqr 
? have  been,  atxxdyd^  fhafc  reacticms  an^  have  devel-^ 


of  have  been,  atxxdydlig  fhab  reaeticms  0^».  an^  have  devel-^ 

oped  a numher  of  new  photographic  techniques  (2-10).  One  bran<^  of 
this  work  has  been  a study  of  the  application  of  the  principle  of 
image  dissecticn  to  cameras  (6-9)*  This  makee  it  poesible  to  record  a : 
aer:i,08  of  photogr^shs  at  hi^  ^eel  without  con^lex  equipire.it* 

The  basio  optioal  layout  la  shown  In  figure  1»  The  main  lens 
L forma  a.  real  image  I of  the  object  0 on  the  front  surface  of  a plate 
eBd>oaaed  ^th  a large  mafber  of  smaLll  lenslets*  Consider  the  rays  that 
pass  thxou^  a small  aperture  at  t!ie  centre  of  the  main  lens*  These 
rays  fall  on  the  lenticular  plate  and  each  of  its  lensleta  focusees 
the  li£^t  that  falls  on  it  to  a small  element  on  its  principal  axis* 

The  j^togrsphio  emulsion  is  placed  in  the  focal  plane  of  the  lentio-^ 
ular  plate,  and  the  picture  recorded  by  the  emulaioxv  ia^thua  made  tgjx 
of  a large  rmaber  of  small  dots.  In  practice  this  is  not  a serious 
disadvantage*  llbst  printed  illustrations  are  similarly  made  of 
dots*  Eroidded  the  total  number  of  dots  is  sufficiently  large  koj 
given  amount  of  information  or  picture  quality  can  be  reproduced.  The 
V.  large  ntrcber  of  dots  that  go  to  make  ip  a picture  are  all  recorded  sim- 

ultaneously on  the  photographio  plate,  but  each  element  is  separated 
from  its  neighbours  by  a distance  that  is  large  compared  with  the  siss 
of  the  element.  Ilany  sxiccosslve  pictures  may  be  similarly  dissected 
and  recorded  on  the  same  plate  Interlaced  with  tha  others*  The  dis^ 
placement  of  successive  images  with  reject  to  the  plate  need  only  bi 
as  great  as  the  width  of  a single  picture  element*  The  displaoemetxt 
may  be  produced  by  altering  the  direction  in  Tdilch  light  falls  on  the 
lenticular  plate  or  by  traversing  the  photographic  plate  or  the 
lenticular  plate* 

In  one  of  the  sls^lest  sorts  of  camera,  use  was  made  of  the 
first  arrangement  - altering  the  direction  la  which  light  falls  on  the 
lenticular  plate.  Consider  again  in  Figure  1 the  rays  that  pass 
through  A small  aperture  near  the  outer  edge  of  the  main  lens  L.  These 
rays  form  a real  image,  I of  the  object  0 in  the  same  place  as  before* 
Again  each  of  the  lenslets  of  the  lenticular  plate  focusses  the  light 
that  falls  on  it  to  a small  element  in.  the  focal  plane  of  the  . 
lenticular  plate.  However,  these  rays  now  fall  obliquely  on  the 
lensleta  so  that  the  picture  elements  are  no  longer  on  the  principal 
axes  of  the  lenslets  but  are  in  a di.splaced  peripheral  position* 

A convenient  way  of  moving  an  aperture  across  a suitable 
lens  is  to  cut  the  aperture  in  a disc  mounted  to  run  in  the  iris  plans 
of  a camera  lens.  As  the  disc  rotates  the  aperture  moves  aezx^ss*  It 
is  no,t  necessary  to  restrict  the  movement  of  the  aperture  to  a single 
^ line,  and  it  is  possible  to  move  a serioc  -»f  apertures  across  different 

‘ - parts  of  the  lens  by  disposing  the  apertures  as  a spiral  array  around 
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gL7!:nr-e  Iz  Idagran  of  the  baaio  cptioal  ]^out  f Ofr  inage  dieaectiaa 
nnC.-r^-pa  f^raas  photography*  The  cajsera'  lens  L foma  a real  Iskaga  X 
tzL£&  abject  0 oca  tiie  leatloular  plate  vdilch  llBaeota  the  pioture  iato 
a Ijerse  nurber  of  elements  each  separated  from  its  rveijjhbours  by  dia>» 
large  coo^ared  ulth  its  size,  so  tiiat  considerable  numbere  of 
imu^psmdsnt  pictures  can  be  recorded  on  the  one  plate*  The  dl^laoe* 
smart  cf  the  pioture  elements  for  suooes^ve  rdotures  can  be  achieved 
by  aiterlng  the  dirootion  in  viiich  H^t  falls  on  the  lentio* 
xHjsst  plate^  and  this  can  be  achieved  by  movement  of  the  aperture 
acrmsa  the  lens;  or  by  traversing  the  lenticular  plate  or  the 
phcram^raphic  plate*  Solid  lines  indicate  the  light  patha  vhsn  the 
ertartrre  ±3  in  a ‘central  position*  Dotted  lines  indicate  light 
if  the  aperture  is  moved  to  a peripheral  poaltloa* 
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Jl  xuBber  of  oasseroa  of  this  kind  have  "ftn  huilt  ±a.  tho  2£A 
Sahoaratoty^  and  stGirs  rpcontly  oozazn^rdal  manufacture  haa  %e«n  oeo-  | 

mencad  hy  J.  lana^mm  thoapaon  Ltd*  The  cameras  are  ahle  to  take 
aeries  of  200  ploturea  at  rates  vqp  to  125«000  per  second*  Kene  the  | 
mechanical  tolerances  of  manufaoture  are  at  all  stringent  in  tiiese  J 

cameras.  Their  overall  effective  ^erture  is  about  PS.J  and  their 
resolution,  in.  difThrent  ezaii^^Ies.  100.  20T  or  JX3  Tines  across  the  ] 

field  in.  both,  dimensions*  They  can  be  used  equally  veil,  for  self-  j 

luminous  objeots  or  for  objects  that  are  illumdjxated  in  reflecticn  or  | 
in  silhouette*  TI:ey  can  be  used  conveniently  for  the  photography  of 
objeota  that  are  relatively  distant . that  is  at  mjftgfr«'e4rMi-Hnw*  from 
l:ooto  approximately  1:1:  and  jTith  come  couplexlty  the  magii  fiaationa 
can  be  increased  a little  beyond  this*  At  ma.gilficatlons  much  greater 
than  unity  the  diatanoe  between  the  lenticular  plate  and  the  camera 
lens  la  much  larger  than  the  focal  length  of  the  lens  and  it  is 
ioposaible  to  obtain  enou^i  scanning  distance  across  the  aperture 
of  the  lens  to  make  full  uise  of  the  photographic  emulsion* 

The  dne-Mcrosoope  It  seemed  that  some  of  the  dlfTlculties  of  worldqg 
at  high  magpiflcation  might  be  overcome  if  the  sequential  recording 
were  effected  by  traversing  the  photographic  plate  instead  of  by 
moving  an  aperture  across  the  camera  lens.  The  major  disadvantage  I 

that  had  to  be  faced  was  that  the  mechanical  tolerances  of  movement  j 

of  the  photographic  plate  and  of  subsequent  replacement  of  the  plate  I 

after  development . and  removement  were  very  much  morw  stringent  than 
in  the  earlier  camersa*  Tigure  2 is  a diagram  of  the  optical  layoxxt 
for  a simple  microscope.  Just  as  before,  the  main  lens  forma  a real  I 
image  of  the  object  on  the  lenticular  plate*  Each  of  the  lensleta 
of  the  plate  forms  a point  image  of  the  aperture  of  the  main  lens. 

As  the  photographic  plate  is  traversed  the  bright  elements  each  trace 
out  a line  on  the'  photographic  emulsion*  If  the  direction  of  move- 
ment of  the  photographic  plate  were  parallel  to  either  of  the  axes  of 
the  lenticular  plate,  then  after  a distaioe  of  movement  equal  to  the  1 
pitch  speudng  of  the  lenslets  of  the  pl»te  the  traces  drawn  out  by 
adjacent  elements  would  begin  co  overlap.  If  the  direction  of  I 

traverse  is  inclined  at  an  angle  of , say,  1 in  10  to  either  sods  of  the  j 
lenticular  plate,  then  the  traverse  distance  can  be  equal  to  10  times  | 
the  pitch  spacing  of  the  lenslets  before  there  is  any  overlapping  of  j 
traces.  In  practice.,  the  size  of  the  image  element  is  less  than  l/20  i 

of  the  pitch  spacing  and  this  means  that  it  is  possible  to  record  on  | 

the  photographic  plate,  traces  for  each  lehslet  that  could  contain 
200  separate  points.  If  the  illumination  is  interid.ttent , these  will 
bo  discrete  points.  If  the  phenoznenon  being  photoioraphed  is  of  slowly 
varying  intensity  then  there  will  be  a continuous  line  but  of  modu- 
lated density* 

If  the  distance  between  the  lenticular  plate  and  the  micro- 
scope objective  is  largo,  the  geometrical  size  of  each  image  element 
is  auto.matically  kept  suitably  small  as  the  angle  subtended  at  the 

J,  Lan^iani  Thoupson  Ltd*,  Springland  Laboratories  ,Biishey  Heath  .Herts, 
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ff,guro  2;  niagraia  of  tho  optioal  layout  for 
in  a simple  microscope.  The  lens  L forms  a 
0 on  the  lenticular  plate.  Each  lenslet  of 
forms  an  image  on  the  photographic  emulsion 
microscope  objective.  Sequential  recording 
the  photographic  plate,, 


multiple  frame  photography 
real  imago  I of  the  object 
the  lenticular  plate 
of  tho  aperturo  of  che 
is  effected  by  traversing 
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laatloulftr  plate  "by  "the:  aaieroacope  obJ^ctiVtt  speortuare  is  very  smaH* 
Ihla  aeens  that  the  oh;}eetiTe  apertu^Moeed  he  arti^olBlly 
xeetscihtedU  Sxla.  la  ot  great  sn  jfulX  uaa  say  ha 

ot  all ' Hs^itr*gatherl&g  powei^  that  la  altlL  aoflana 

adoroaoppe  ohJeotlTaa*  ^ 

Agalxi,  iy  the  dLstaztoe  hetveen  th«  .lentloqlar  plate  and  tin 
alcroscope  ohjeotiva  ia  7 .‘ge  It  la  poaaible  to  sake  txae  of  a large 
littvtliaalar  plate  and  rt=yfcl  adtidia  the  angle  of  oonrantdanai 

aloroacope  obJeotiTea.  fita  readutloQ  of  th#  pdotore  dependa  go  the 
nviaber  of  lenaleta  aoxoaa  the  plate  tccA  ait^  the  plates  that  we  nae 
there  are  25  lesialeto  oou  The  larger  thd  plote  the  M^er  can  be 
the  x^iotnre  qraallly#  /' 


The  nun2>er  of  ploturea  that  can  hd  I'eootrfled  In  a series 
depends  on  the  aise  Qf^o  Image  elements*  i^re  atrlctlor  ths  ntmiber 
■is  proportional  to  jr/^ i&ere  p la  ths  pltbh  Bpaodng  of  ths  laaslsta 
and  ^ la  the  vldth  of  an  element*  Xhe  js^^ooess  of  the  method  Is 

thus  orltioaUy  dependant  on  ths  qoal'  of  iiie  lehtloular  plates,  and 
X would  like  to  eipress  ey  ^***^*»  for  the  a^lotanbo  and  oo^operation 
of  1£*B.  Ilarllhat  whose  flnit  Han  *1.1  the  lentioular  plates 

that  X have  used*  fiiey  were  developed  prlmai'lJjr  for  stereoscoplor 
photography  hy  the  Bonnet  prooesi^J^  A ghoot  at  plastlo  bonded 
to  a sheet  of  glass  la  e&iboased  by  a die  or  satxix  out  in  fine'^grained 
metal  with  an  array  of  cylindrical  lenses*  %f  too  such  qylindrloal 
lentioular  plates  are  placed  together  with  ilidlr  eadbossed  faces 
■just  touching,  the  ocahinaticn  acts  as  tbc^H  the  plate  hays  been 
esibossod  idth  an  arrey  of  epherlcal  lense&^c  ^ parallel  beam  of 
light  is  brou^t  to  a ooxzwapondlng  array  of  point  fool  and  ths 
reaolutloa  is  suiprisingly  good*  The  width  fit  half  Intensity  of  suoh 
point  fool  is  less  than  p^lOO*  3h  practice  tho  bIm  of  t)ie  Imags 
element  Is  Increased  above  this  bsoaxise  of  t2i§  groin  of  tee  photo^ 
graphlo  emulsion,  and  the  plysloal  else  of  tilfi  ob;Jeotive  eperture* 
Moreover,  image  elements  to  be  clearly  re8olV§!l  must  be  further  apart 
than  their  widths  at  hAif  intensity  as  othaT^BO  there  Is  some  inters 
fermoo  and  floating,  Hemover,  with  present  fipparatxxs  an  imago  width 
of  p/20  can  easily  be  achieved  using  procesfi  plates,  and  about  twice 
this  with  fast  emulslcns* 


Ilgure  3 la  a photograph  of  a nlOrOScppo  made  to  try  out 
those  ideas*  A nuaber  of  pieces  fi’o;a  a Vickers  projection  ndorosoope^ 
have  been  Inoorporated.  Xt  is  possible  to  of  the  obJAotives, 

eye-pieces,  iUualnators,  oondensors  and  any  Of  the  attachments  to  the 
meohinical  stage  that  are  currently  available « box-like  structure 
to  whioh  these  pieces  of  the  projeotion  ndorc/y'^®  a^Q  attached  singly 
ensures  that  the  mioroacop©' objective  (and  tii‘>  projeotion  eye-piece, if 
one  is  used)  are  a long  distance  from  the  Istil'^oular  plate* 

A framevrork  h«M  been  built  from  dra^'n  steel  angle  to  contain 
the  lentioular  plate,  the  photographic  plate  the  traverse  meoharfsa 
This  frsms  is  klnematloally  mounted  on  the  e^i^^  of  ths  main  trexaa  of  the 

A "La  ReHoplwgrephie"  152  Av,  doa  Chaaps  Zly^oos,  Paris, 
llanufaotui^  by  Co^ce,  Troughtoa  A i/iti, , Saadby  Ed, , Tork, 
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WguroJ:  Pliotograph  of  liio  dne-micro scope  - A,  Porta  of  a Vickers 
^Jection  Microsccpe,  B,  Haia  Fraino,  C.  Detacliablo  camera  back  hold- 
plate,  photographic  plate,  and  traverse  mechanism, 

to  hold  photographic  plate.  E.  Detachable  micro- 
meter traverse  for  unscrambling  the  oomposits  record^ 
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Flfcuro  hi  Qilarged  viecvv  shovang  traverse  iiieclianiaa  of  the  cijie-microB-'  ^ 
c<^e.  A-The  photoc^aphic  plate.  B - claries.  C-Kinematj.c  stops. D-trav-  ! 
ersing  frame  to  hold  plate,  E-Elastic  steel  links,  P-Stiff  cantilever  1 
springs,  G-Toggle  catch  mechbinisru,  H-Selease  solenoid.  J-^ccelerator 
springs  and  buffers,  K-3ell  crank,  Lr-Steel  tape  to  operate  capping 
shutter,  II-^Adjustable  synclxronisinr;,  contacts.  N-  Timing  V/heel,200 
teeth,  ^ r,p.m.  The  photograplu.c  plate  A in  tJ;e  platehclder  B can 
move  1:55  and  ^^m,  The  lenticular  plale,  not  visible  in  this  fifjjro, 
is  iirrnediately  in  frcHit  of  the  photo^aphic  plate,  and  is  fixed  with 
reject  to  the  axis  of  the  microscope. 
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miorosoopo*  Ktgurtt  4-  ahonra-  a wierr  of  the  traveree  ineohflj(^«i 

Thff  piifyfcngmpVri-iy  platsi  A j_B  fa&tezie<l- cslaBpS:  B' ctgftinst  Idjiezn&tio 
atopa.  C ia  a eteol  faraoe.  D»  To  ar-y  posaihility  of  back  lash, 

tiEt£a  ateel.  fjnmo  is  notarted  on  fiotig  elaatio'  ateaX  links  ^ Thaaa 
font  as.  ^satio  paxailelogram  linkage  but  if  their  outer  end^  war# 
rigidly  they  would,  not  allow  movement  without  extension  of  tha 

linka.  Accordingly,  the  outer  ends  of  the  steel  links  ® are  fastened 
to  four  very  stiff  cantilever  spring^  P.  The  photographic  plat#  aM 
ateaX  fra8>a  Q ttaa&  ba  tvasMraed  and  down  about  csm  cex^tlSAtEtk. . 
foz^  a fiprce  of  15  kilogreninies.  A s^.ml  ler  force  applied  in  eithiar 
direction  in  a horizontal  plane  produces  a deflection  ydiich  is  less 
than  0.005  cm.  Aa  the  cross  forces  need  nev€»r  be  greater  than  a 
fraction  of  a Idlogramne  it  is  easy  to  maintain  r^roduoibility  of  the 
traverse  to  a very  hi^  order*  The  variation  of  force  with  dieplaoe- 
ment  in  the  traverse  direction  is  non-linear.  Die  force  for  small 
di^laoemeats  is  very  small:  the  force  for  larger  displacement* 
rises  veiy  steeply.  If  the  frame  D Is  displaced  and  tiien  allowed  to 
HprjTig  back,  the  initial  acooleration’  Is  very  higih  but  it  traveraea 
centre  section  at  nearly  constant  velooity». 

At  the  top  of  nguru  4 can.  be  seen  a toggle  catch  medianian 
0.  It  ia  possible  with  this  to  hold  the  frame  displaced  and  then  to 
release  it  either  neohanically , or  electrically  by  cutting  off  ths 
current  in  the  solenoid  H.  At  the  bottom  of  this  Figure  can  be  seen 
a system  of  accelerator  springs  and  buffers  J whidx  can  inweaae  the 
working  velocity  of  the  plate  a factor  of  2^  - from  }0  cnuvsecond  to 
75  ci^seoond. 

Figure  5 is  an  enl^ged  view  of  a small  seoticn  of  a conpo- 
aite  plate  on  whirh  are  recorded  some  200  pictures  of  a rotating 
slotted  wheel.  Behind  each  lensleh  of ' the  lenticular  plate  is  a traok 
irfiich  is  alternately  dark  and  light  ending  on  whether  or  not  there 
was.  an  image  of  a tooth  or  a space  failllng  at  that  moment  on  that 
lenslot.'  It  can  be  seen  that  the  tracks  are  distinct  separate* 
and  are  inclined  at  an  angle  of  about  cne  in  thirteen  to  the  array 
of  lenslets.  Figure  6 Is  an  enlargement  of  a small  section  of  ths 
.nAiT|«i^  conposite  plate  on  which  fell  an  image  of  a second  rotating 
T^eel.  In  this  case  the  small  .wheel  was  driven  by  a synchronous 
motor  at  JSOOO  r.p.m.  and  had  cut  in  its  periphery  200  snmll  teeth. 

The  alternate  teeth  were  cut  twice  as  deep  ar.d  other  sub-multiple 
nxmibex^  of  teeth  were  cut  at  greater  depths.  Again,  as  each  ^ot 
passed  in  front  of  any  given  lenslet  a dot  was  recorded,  and  it  can  be 
seen  tiiat  discrete  dots  have  been  recorded  at  lO^/second,  On  occasions 
on  vdaidi  the  additional  springs  were  used  to  accelerate  the  plate 
these  timing  dots  were  spaced  2j  times  further  apart  so  that  even  at 
the  most  conservative  estimate  it  is  possible  to  record  pictures  at 
25,000  per  second.  This  ^eed  could  easily  be  increased  a further 
factor  of  5 even  using  the  present  elastic  su^ension  system  and 
accelerator  springs , if  a plate  holder  of  similar  desigi  to  the  pz^s- 
ent  cne,  but  of  light  alloy,  were  substituted  for  the  steel  plate 

holder. 

Viewing  the  Record  On  some  occasicxis  it  is  valuable  to  study  the 
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Fifcure  5t  An  enlargement  at  ^OH.  of  part  of  the  composite -plate  on 
which  was  recorded  a series  of  200  pictures  at  10 v sec,  of  the  rota- 
tion of  a slotted  v/heel.  The  trace  behind  each  lenslot  is  ultemato- 
ly  dark  and  light  depending  on  whether  or  not  there  was  falling  on.  it 
the  image  of  a spoke  or  a slot  of  the  rotor. 
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oogpoa±t4»  plAt«  direot3^«  For  exaa^lo,  from  thewo^  lAst  two-  enlarso- 
zoents  It:  would  W possible  to  determine  the  rate  of  rotstiois  the 
slatted.  xotor«  Uo^  usually  ^ one  wishes  to  exanrioe  indiwidusl.  - 

tures  oar  frames  «■  that  is»  to  qaacrsndale  the  oon^slte  record*  !QMer» 
are  various  ways  of  doing  this.  The  siLi^lest  is  to  replace  the  ooapo- 
alte  place  ^aft  processing  in  the  plate  holder  D,  and  to  illumina^ 
the  oloroscope  Jeotive  vdth  a steady  li^t  source*  Xdght  will  pass 
throu^  the  spp^  .atus  Just  as  dxiring  recording  and  each  lenslet  of  the 
lA&tLoulsr  pla^  wdU  ec»oeHt‘rat»  li^rt  m t9'  tdott  psrtlAi&cr  part 
the  tracSc  idist  was  recorded  when  the  photographic  plate  was  in  that 
identioal  positian*  The  11  that  falls  on  any  lenslet  Is  focussed 
to  a small  dot  on  the  photogra^^o  plate.  Some  of  this  li£^t  is  a3>- 
sorbed,  depending  on  the  deciji'^  of  the  plate  at  that  point,  and  the 
remainder  passes  through  the  photographic  plate  and  spreads  out  so 
that  at  a distance  behind  the  eniulsirm  about  equal  to  the  foe*'!  ^ 
length,  f,  of  the  lenslet  the  light  fills  an  area  about  equal  to  the 
epez^ure  ^ the  lenslet  p^.  Thus,  in  a plane  distant  f behind  the 
onulslon  there  is  a pictxrre  of  smoother  toning 'but  othezwise  identical 
to  the  single  frame  made  Mp  of  the  tiny  distinot  dots  that  were  all 
recorded  simoLtaneozisly.  This  picture  can  be  viewed  directly  or  it 
can  be  allowed  to  fall  on  a dlffualr^  screen  so  ^at  It  oan  be  loora 
easily  aeen  idietr  looked  at  obliquely,  or  alteraatlvely,  a photographio 
printing  paper  can  be  placed  at  this  plane  for  obtaining  a direot  or 
’contact*  larlnt. 

If  the  photographio  plate  is  slowly  traversed  by  a adoro- 
meter,  such  as  that  shc^  in  liguro  3»  E,  Just  below  ttie  plate 
holder  D,  tl’ie  plienomenon  recorded  can  be  vlewc-1  in  slow  motion.  It  is 
possible  to  copy  this  slow  motion  presentation  with  an  ordinary  oine- 
oamera  for  later  projection  through  conventional  apparatus*  Id . 
another  method  oT  unscrambling , the  direction  of  the  ll^t  rays  can  be 
reversed*  That  is,  the  photographic  plate  is  illxmolnated  from  behind 
and  the  record  can  be  viewed  by  placing  the  eye  at  ^e  po£d.tion  of  the 
mloroBoope  ebjetdive  or  recorded  by  placing  there  the  lens  of  a copy- 
ing oanera. 

Figure  7 shows  four  contact  prints  taken  from  the  ssiaa  plafto^ 
onlargcnepts  of  parte  of  which  are  shs\r/;  in  Pigta^es  3 and  6*  These 
prints  were  each  taken  sinply  by  holding  a printing  paper  against  the 
back  of  the  photographic  plate  Tiion  it  v.’as  placed  in  some  one  of  ita 
ttv>'"'ers3  x>ositiona  and  a placed  over  the  microscope  objective. 

Th  oond  of  the  prints  is  simi?.ar*  to  the  first  exc^t'that  the  plate 
hat  -1  traversed  by  .0025  cm.  a distance  corre£fpoj;ding  to 

“O"^  of  a second.  It  can  be  seen  that  the  timing  wheel  has  travelled 
-orword  one  tooth  in  this  interval.  The  third  and  fourth  prints  are 
similar  frames  but  recorded  at  later  intervals.  These  prints  giLve 
some  idea  of  the  resolut.  jn  and  fidelity  of  tl'*o  record* 

Apfplications  of  the  Apparatus  The  microscope  has  been  used  to  stuoy 
a number  of  thinr^g  such  as  the  vibration  of  fibres,  the  formation  o^ 
droplets,  and  the  operation  of  relay  contacts. 

There  is  no  necessity  to  restrict  the  use  of  this  appai'atus 
to  photography  at  enlaigement*  The  whole  of  the  recording  mechaniau 
oan  ba  used  in  Biiy  camex^  to  take  pictur'es  at  the  same  speeds  as 
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T^l-S.IO'^^sec.  T=5.10"‘*sec.  - :j 

^gure  ?!  Four  prints  unscreunbled  on  tho  inicrosoope  froa  the  series 
of  200  recorded  on  the  composite  plate  from  vrhich  Figures  5 6 have 

been  enlarged.  The  slatted  rotoi-  and  the  timing  wheel  can  both  be 
seen  to  rotate.  The  measured  interval  betr^een  the  first  two  prints 
is  10~^  sec.,  between  tlie  second  two  ia  half  of  this,  while  the  last 
is  somev^at  later.  Both  the  slotted  rotor  and  the  timing  v/heel  have 
been  recorded  as  shadowgraphs  at  unity  magnification^ 
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Flgvge  8;  A selection  of  6 pictures  from  the  series  of  ZOO  recorded 
at  an  enlargement  of  65X.  of  the  ignition  of  a small  crystal  of 
mercury  fulminate  "by  a 11110  heated  by  a sudden  pulse  of  current. 

(i)  T=0  Two  crystals  and  Platinua  Hhodium  wire  of  diameter  Q.OO5* 
before  ignxtion.  (ii)  TaZ.lO"^  sec.  The  larger  crystal  is  ignited  at 
the  lower  left  tiiere  it  is  in  contact  with  the  wire.  (i±)  TsJulQ~^sec» 
The  crystal  begins  to  move  bodily  under  the  reaction  from  the  ezpanr- 
sion  of  the  gaseous  xuroducts  of  decon^osition.  Ihe  decorapcsitlon  has 
formed  a crater  in  the  aide  of  the  crystal,  (iv)  T=6,10“^Bec,  The 
ciystal  ha^  moved  further  across  the  field  of  view  and  has  turned 
through  90°.  Snail  fragments  have  broken  away  from  the  crystal  and  are 
left  behiod.  These  fragments  do  not  decrease  in  size,  nor  does 
crater  incr%ase,  and  presumably  reaction  has  ceased,  (v)  T=8.10”^seo. 
The  wire  has  aelted  and  has  formed  into  droplets  thinly  joined,  by 
molten  filam^ts.  Severe  block  crackix^g  of  the  crystal  5s  evident. 

(vi)  T=10,10  •'sec.  Some  of  the  droplets  of  the  melted  wire  have 
coalesced  and  are  at  tl'ds  stage  oscillating  vigorously.  It  will  be 
noted  that  the  fragments  broken  fxx»a  the  large  crystal  are  not 
consumed,  and  the  smaller  crystal  has  remairj&d  unaffected  throughout. 


Coartaa^-  Plpattr 

gaolasaifltd 

before  C^««a  to  25»000  fraam^sBcxaid^  Sln^^Qy  ^ tho  aiibotxruvxa^ 
or  ftuita^Io  lenaee  tho  apparatus  can  te  used:  at  lam  aa^dLfloatioB  - or 
for  tho  photogr«^^\2r  of  remote  oibjecta.  These  objecta^  ^ 

either  8eir>luxiinoue  or  separatalj  iUuminatedU  ‘ Gh  one  occajsion,  fbr^ 
exaii^le,  the  ndcrosoope  objeotive  was  x^laced  by  a ^ectaole  lena  of 
focal  length  1 metre,  and  an  iria  fitted  to  step  it  down  to  an  cgper- 
ture  of  1*2  ems.  The  camera  was  thm  used  to  ^K>tograph  the  cutter  of 
a milling  machine  running  at  6C0  r«p«m«  from  a distance  of  2^  metres*, 

Eonranrer,  the  main  field  of  moA  In  ehieb  we  are  using  Urn 
ndorosoepe  is  the  study  of  the  earliest  stages  of  es^losive  reactions. 
(Qiere  are  many  problexos  in  the  mechanism  of  the  ig:d.tiQn  of  ozyatals 
of  e;:^loaiTea  - How  do  the  cxyiitals  bum?  Do  they  break  into 
blocks?  Does  detonation  proceed  unifoxmDy  through  &■  crystal?  How  is 
the  reaction  transferred  from  one  crystal  to  another?  Ihy,  some  times, 
does  a detonation  fade?  In  some  toases  reaction  has  been  initiated  by 
an  intense  flash  of  light,  in  others  arides  and  fulminates  have  been 
Ignited  by  dlreot  contact  with  a heated  wire* 

I would  like  to  esgpross  sy  thanks  to  Dr.  A.  Yoffe,  for  the 
series  of  edx  pictures  which  are  shenn  in  Ti  gjore  8*  These  ara  a. 
selection  from  the  200  recorded  &t  a magiiflcatlon  of  65X*  The  iHuni* 
inatioQ  wasL provided  by  a Philips'  Fhoto-flosh  bulb,  type  £7  ^S,  and 
an  ordinary  condenser  -eystem  was  vised.  The  photographlo  plate  was 
Ilford  process  typo  N40,  developed  in  IP  11  for  2 to  3 minutes. 

The  slow  motion  record  showa  the  igiltlan  of  the  crystal  of  mercury 
fvilminate  at  one  edge  by  oontaot  with  the  platinum  rhodium  wire 
(dla«  0.003")  when  it  was  heated  by  a scidden  5 025)  current  pulse. 

Kie  rapid  evolution  of  gas  propels  the  crystal  bodily  across  the 
fie  \ of  vijew,  the  part  of  the  crystal  that  has  been  decon^sed  can 
be  clearly  seen,  and  when  the  oxystal  has  travelled  soma  ^stance  a 
fra^aent  near  this  crater  breaks  off  and  is  left  behind,  probably 
because  of  thermal  stresses  or  due  to  the  evolution  of  giaa  within  the 
crystal  material.  TThile  tlio  crystal  la  moving  across  the  field  of 
view,  the  heating  vdre  melts,  forms  iiito  small  droplets,  and  some  of 
these  later  coalesce*  In  the  slow  motion  play-back  of  the  record, 
the  droplets  after  they  coalesce  can  be  seen  to  oscillate  rapidly.  It 
is  interesting  to  note  that  a second  crystal  that  was  originally  near 
the  first  remained  stationary  throughout  the  record,  and  had  not  been 
igiited,  although  ^ burning  crystal  was  in  close  proximity.  Indeed  it 
would  appear  that  the  first  crystal,  thou^  it  burnt  vigorously  near 
the  point  at  viiich  it  vras  heated,  did  not  continue  to  react  at  the 
same  rate,  and  may  even  have  ceased  to  decoo^se. 

Lipcht  Sources  and  Accesscriea  As  mentioned  earlier  it  is  possible  to 
make  use  of  the  whole  of  the  li^it  gathering  power  of  the  microscope 
objective.  Furthermore,  all  the  light  which  falls  on  any  lenslet  of 
the  plate  is  concentrated  to  a small  picture  element  viiich  may  well 
be  1/400  of  the  size  of  the  lenslet.  The  brilliance  of  the  points 
that  are  actually  imaged  on  the  eimilsion  is  thus  much  greater  than 
would  be  the  case  in  <*  ccc’.'entional  microscope.  Because  of  this 
intensifying  effect  of  a lenticular  plate^  and  becauae  it  is  possible 
to  use  large  numerical  aperture  objectives,  it  is  possible  to  take 
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piatxzTMi  at  hlg^  magtlfSeatiett  ad;tk  short  es^osure  times  even  using 
ocsxpszmtiveZy  weak  sources*  A llndt  ta  the-  ms^^ficatloix  and  speed 
that  Is  possible  with  a given  photogra^sio-  caudscioa-  ia^seEt^'b^  ih*. 
apadtlc  teiniaanoa  cT  '^e  source,  pirovlded,.  a£^  course,,  that  ilise 
source  is  ahove  a certain  rrrtnSmiM  tdze.  It  ia  possible  to  ttse  aro 
laa^s,  but  bgr  f ar  the  most  convenient  sources  and,  in  fact,  the  ones 
that  I have  used  for  all  the  illustrations  in  this  paper,  ord- 
inary photo-flash  bulbs  (magtiesixaa^j^gen)  • The  specific  brillianoe 
of  these  balha  if  ef  the  •rder'e^  UP  esufdEtea/ear,  and  2s  cos^arafiZd 
with  the  brilliance  of  the  crater  of  a carbon  aro*  The  duration  of 
the  flash  varies  with  the  different  types  of  bulb,  but  for  the  blist- 
er bulbs  it  is  above  half  intensity  for  more  than  l/lOO  sec*  and 
usually  has  a long  low-intensity  afterglow.  The  flash  from  one  of 
these  bulbs  is  ouffioient  to  allow  a recording  of  the  vhole  series  of 
200  x^ictures  aa  the  one  photogri^>hio  plate,  even  a process  plate,  at 
magiiflcations  up  to  500X  axid  aora« 

It  was  desirable  to  reduce  the  fogging  of  the  film  from 
strey  light  or  from  the  afterglow  from  photo-flash  bulbs,  and  a 
oepping  shutter  has  been  incorporated  in  the  microscope.  A small  bell 
crank  lil  ia  operated  as  the  plate  bolder  XV,  Figure  moves  dcnut  and 
this  draTS  a steel  tape  L throu^  a slot  iuat  below  the  mlcrosoopa 
objective*  An  aperture  cut  in-  the  steel  tape  re^i-sters  with  the 
miorosoope  objective  aperture  and  allows  exposure  of  the  photographio 
plate  for  the  oorrect  traverse  distance,  when  the  plate  is  in  mid- 
traverse  and  ouving  with  nearly  oonstant  velocity*  I would  Ilka  to 
express  my  thanks  to  G*B*R«  Bray  for  suggestions  which,  with  minor 
modification,  Ic  to  the  devaLopcxant  of  this  form  of  capping  shutter* 
Adjustable  contacts  H have  been  provided  for  synchronising  light 
sources  or  features  of  the  evext  movement  of  the  plate  holder. 

The  specific  brilliance  of  fladit  dtseharEe  sources  can  be 
higher  than  that  of  a carbon  arc  and  sane  work  has  been  undertaken 
with  O.P.C*  Thackeray  to  produce  suitable  discharge  Zsups  fojrmv 
with  this  dne-mioro scope*  Some  of  these  are  described  briefly  in  a 
paper  presented  at  Uie  recent  Conference  in  Paris  on  Hi^  Speed 
Photography(^),  It  was  found  that  enough  lii^t  oovild  be  produced  to 
irecord  piotures  at  10^  framej^secoad  if  a current  somevrtiere  between 
10  and  100  asps  was  passed  between  the  electrodes  in  a shoz*t  .gap  flash 
tube.  The  current  could  "be  piovidbd  by  iising  a sirrple  oontacter  on  a 
high-tenjiion  supply,  or  vdth  some  difficulty  by  the  use  of  a number  of 
condensers  and  chokes  arranged  as  a lunped  delay  line*  Bepetitive 
flashixxg  of  the  source  was  also  tried,  using  a rotary  brush  svdtoh* 

The  ^edflo  brilliance  of  the  spot  on  the  screen  of  a 
cathode  ray  tube  is  also  oonpareble  with  the  billliance  of  the  crater 
of  an  arc  lazip  and  a good  deal  of  work  has  been  done  in  the  P.C.S. 
Laboratory  on  the  develcpaient  of  gear  for  making  use  of  .the  cathode 
ray  tube  as  a source  of  ^ hi^-speed  photography^^/ 

Now  in  all  the  uuses  of  the  apparatus  described  above  tha 
light  that  comos  through  the  object! vo  falls  directly  on  the 
lenticular  plate  and  the  phy-sical  size,  of  the  aperture  of  the 
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objBQtive:  1»  9xLt«  amall  and  fairly  ^ft%ant  frost  the  lenticular  plate. 
If  aayr  oh^eot  ware-  placed  hetireen  t&^ob^Jeotlve  and  the  lentloular 
plate  It. /gauldl  caat  a ahadov  on  the^la.te«.  The  a^^pazetiaa  oonl&.41ui^ 
he  taad  ta  record  e aeriaa  of  ahadowgrapha»  2h  taxst,  uee  hae  hraatt 
joade  of  this  flor  adding  a tl^  scale  ,to  all  of  the  plates  1:^  of 

the  toothed  sdieel  K|  FigureC^,  aa  descrlhed  earlier;  and  Figures  5^,6 
and  7 *11  relate  to  a shadoirgraph  recording  of  Ihe  rotation  of  a 
slotted  rotor  and  this  t*  iing\?he«l« 

Xa  eaptafnnd  earlier.  It  is  posaibla  to  tBtaarazd>l«  the 
ooc^slts  record  Itj  r^laoing  the  ooir^aite  plate,  after  processing, 
in.  the  plate  bolder.  It  would  he  diffioult  to  snke  lenticular  plates 
sufficiently  nearly  identical  to  he  able  to  unserainble  in  one  sggparatui 
a record  nade  In  aziOtber.  Zt  is,  however,  often  oonveoient  to  have  a 
separate  sieans  for  unsaretshling  a record  and  thia  can  he  done  quite 
siiply:-  A gratioule  plate;  suioh  as  the  Kodak  UR  plate,  is  placed 
hehind  the  lenticular  plate  and  a atatio  picture  l^en.  Ihen  this  is 
developed  there  are  snail  hlaek  dots  in  a olee^  field,  A oontsjot 
print  of  this  is  taken  on  another  gratioule  plate  and.idien  this  is 
developed  there  are  small  olear^dots  in  a hlaek  field.  This  array  of 
dots  is  idontloal  with  the  array  of  fool  of  ]ths  orossad  pair  of 
lezxtioular  platea.  If  now  a ocB^osite  plate  is  allgied  on  top  of  this 
and  the  tm  together  viewed  In  trcmsmiasion,'  only  one  of  the  recorded 
fraoes  from  the  oon^site  plate  will  he  visible  at  a time,  ^ travers 
ing  one  plate  relative  to  the  other  it  la  poaaihle  to  obtain  slow* 
motion  viewing.  This  provides  a smoh  more  grsphio  presentation  of  aa 
event  then  the  indivldiisl  examination  of  stuxzesaive  dlnorote  frames* 

Summary  A mlozoaoope  has  he«a  built  using  the  principles  of  image 
diaaeotion,  dthout  elaborate  gear  it  has  proved  possible  to  take 
.series  of  200  piotores  at  23,000  per  second  at  ma^iificatlanB  as  hij^ 
as  30QX,  using  process  plates , end  providing  ^e  illnnii nation  for  the 
idiols  of  each  series  from  one  ms^osiuta-oz^gen  photo^flash  bulb.  Uioxo- 
greghs  have  been  taken  in  trenscc^saicn  and  in  reflection.  The  resoZo- 
tion  of  the  pioturea  is  320  lines  across  the  field  in  each  diminsion  •> 
OQZEparahle,  that  is,  with  the  quality  that  can  be  obtained  or;  a stand- 
ard 16  mm,  olne-fkwas. 

It  has  been  shown  that,  by  the  aiirplo  substitution  of  long 
foous  lenses,  the  apparatus-  can  be  used  equally  well  for  the  photo- 
graphy of  xwmote  objects  at  the  same  hi^  rates.  It  has  also  been 
used  for  recording  fast  series  of  shadowgrcqphs. 

Much  higher  magoiflcations  (19  to  3OOOZ)  are  x>o8sible  but  at 
reduced  rates.  As  at  these  hl^  magii  ficatico s the  limitation  on  max- 
imum reoording  rate  is  one  of  level  and  plate  speed,  it  is  poss- 

ible to  obtain  oonsiderable  Icigjrovement  by  the  use  of  fast  emulsions, 
but  this  can  only  be  dona  at  some  ezepense  in  the  nimiber  of  separate 
piotxzres  that  can  b«  resolved  in  a series. 

It  is  to  be  expected  tiuit  the  maximum  rate  of  taking 
pioturea  for  wAgni  r-A-tAcgig.  Icorer  than  30QK,  where  the  llmitaiicox  i« 
iaposed  by  oon^deratlons  of  xaecbanioal  inertia,  oouli  be  Increased 
by  substitution  of  light  alloy  coegtonents  and  asms  atter.tlcm  to  dotd^ 
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dst&il  by  *■  factor  of  A at  leasts  so  that  pictures  ooul&  be  taken  at  { 

retaa  in  exoess  of  lOvssccnd  without  increasing^  the  delay  betwnm 
reZaaas  and  fttZX  romlng  apeed  beymd  iSifs  present  figttre-  oft  ZOT^aeacaad^ 
Bxis  ociBgparatlTely  long  delay  is  a draoiback;  and  jaeens  that  for  the 
photognphy  of  aany  nhencaena  aynohrooiiaation  imnst  be  froa  the  oamera  ' 
to  the  enr«nt«  I 

I 

The  apparatus  oan  be  used  to  unscrezdble  its  oim  record  for 
alocK  nation,  vieiatog  or  fhr  fakiSTg  pr±rtt)r  of  partlcczZar'  plu  t'loratw 
Separate  unscrambling  apparatus  has  also  been  mada^ 

Studies  have  been  made  of  the  Initiation  and  the  early 
stages  of  reaotian  in  small,  crystals  of  e^qplosives,  such  as  azides  and 
fulmdnates*  Becords  have  also  been  taken  of  the  i^tlaticn  of  react- 
ion by  hi£^  intensity  li£^t  flashes. 

Jlming  reference  marks  at  lO^/seo.  are  z'eoorded  on  the  ooe>* 
posite  plate*  Sjynohronising  contacts  and  a synchronised  o«p|dzig 
shutter  are  inoozporated* 

The  speedy  the  range  of  ma^ilfications , and  the  aiapUoity 
of  -^e  apparatus  make  It  auitahls  for  tha  study  of  many  physioaX 
probleBBs*. 
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VKSSUBBIBn  at  XZBBXIY  CBAKtSS  IN  GASBOUS  I^gTOWATIOMI 


0*  B,  KlHtlakowriqr  *nd  P.  H.  Kydd 
Harvard  University 
Cambridge^  ISassachusetts 


Abstract 

An  apparatus  is  described  for  determxning  rapid  density 
cbangea  in  gaseoua  detonation  saves-  Its  time  resolutions  is  betten 
than  1/S  usec|  quantitative  measurements  at  density  changes  am 
possible  to  about  vith  an  absorbing  path  of  10  cm  and  gas 
densities  in  the  range  of  1 gAlter* 

Ksperluenta  vith  seywal  explosive  mixtures  at  an  Initial 
presstire  of  one  atmosphere  have  failed  to  reveal  reaction  sones 
(v«  Neumann  spikes)  in  detonation  waves*  Upon  resorting  to  xenon 
as  the  X-ray  absorbing  component,  it  became  possible  to  -study  gas 
density  changes  in  detonation  vaves  produced  in  mixtures  at  a small 
fraction  of  one  atnospbere  pressure*  Using  stoichiometric  hydrogen 
okygen  mixtures  with  added  xenon,  the  first  indications  of  the 
spike  wore  obtained  at  1/8  Ata*  initial  pressure*  The  spike  lasted 
about  ^ (is^c  at  0.1  Ata,  and  was  broadened  to  20  ^Bec  at  0*025  Atm* 
Replacement  of  xenon  with  a much  higher  partial  pressure  of  argon 
repx'essed  the  spike* 


Studies  of  the  variation  of  gas  density  as  a detonation 
wave  passes  through  an  explosive  medium  should  offer  a confirmation 
of  the  well-known  Zeldovlch-von  Neumann  theory  of  the  detonation 
reaction  zone,  and  yield  at  least  qualitative  information  on  the 
kinetics  of  the  reactions  occurring*  The  theory  predicts  a discon- 
tinuous rise  in  density  at  the  wave  front  to  the  value  expected  lor  a 
pure  shock  wave  moving  at  the  detonation  velocity.  The  non-lsentroplc 
beating  of  the  gas  by  the  shock  initiates  vigorous  chemical  reaction, 
which  causes  the  temperature  to  rise  and  the  density  to  fall  until 
chemical  equilibrium  is  reached  in  the  Chapnan-Jougu®!  state  (l)*  On* 
should  therefore  obsoz*ve  a sharp  density  peak,  whose  shape  awd  dura- 
tion are  related  to  the  rate  of  attainment  of  equilibrium*  Xn  m 
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typical  caae  tha  density  ot  s&ocks<r  but  unreaoted  gas  is  about  five 
times  the  initial  density^  and  It  decreases  'to  less  than  twice  this 
aawinrt  the  state*  The  technique  et  gas  deaslty  detenrtnetjbw 
by  X-ray  ^worptloa  la  particularly  well  suited  to  this  problem^  ae 
it  offers  instantaneous  and  continuous  measuroment  of  dmsity^  and 
is  independent  of  chemical  change  or  visible  light  associated  with 
the  dctonatlOT  reaction^  An  apparatus  of  this  type  has  been 
developed  and  tha  latest  modification  of  it  will  be  deacrlhed«. 


An  X-ray  absorption  photometer  with  oscillograph  recording 
and  suitable  calibration  equipment  has  been  Incorporated  into  e 
10  on  X«D*  detonation  tube  In  such  a way  as  to  obtain  a continuous 
record  of  the  average  gas  density  along  one  diameter  within  the  tube* 
As  a detonation  wave  moves  past  the  photometer  slits  in  a directicm 
norxaal  to  this  diameter^  tha  changes  in  gas  density  in  the  wave  front 
are  displayed  on.  the  oactllograph  and  photographed* 


The  chief  difficulty  encountered  in  the  use  of  this  method 
has  been  the  low  signal  to  statistical  noise  ratio  obtainable  with  ‘ 
^nveatlonal  X-ray  equipment  in  the  short  time  intervale  of  Interost. 
There  “o  two  ways  of  alleviating  thlsj  firsts  to  Increase  the  Intea- 
Blty  of  the  primary  X-ray  beam,  since  the  signal  to  noise  ratio 
increases  as  the  square  root  of  the  total  intensity!  second,  to  in- 
crease the  absorption  by  Using  soft  X-rays  and  adding  a strongly 
absorbing  component  to  the  explosive  mixture. 


The  most  satisfactory  type  commercial  X-ray  tube  for 
application  is  one  with  a copper  target  and  beryllium  window  pro- 
ducing a high  Intensity  of  low  energy  X-rays*  The  tube  in  use  at 
present  la  a Machlott  model  AEO-JO-A.  This  tubo  has  a grounded 
wator-cooled  anode  with  a focal  spot  1*5  mm  wide  and  has  been 
operated  at  22  KV  DC,  32  ma,  supplied  by  a O.B.  XRD  X-ray  dlffractlo* 
app^atus  transformer  and  rectifier.  The  high  voltage  Is  filtered  bj 
a 1/2  microfarad  condenserj  the  filament  current  of  approximately 
k Mps  AC  is  supplied  by  the  same  transformer.  To  increase  the 

“ automatic  switch  has  been 
® 2iloment  supply  t.o  increase  the  emission 
I higher  than  is  recommended  for  continuous 

t^e^pl  ' ® oi  three  seconds  during  which  the  detbnation 


explosive  mixtures  studied  do  not  absorb 
even  soft  X-rays  to  a sufficient  extent,  it  has  boon  found  necessary 
kLm^rnufh  f sorption  coefficient  by  adding  a component  of  hS 

tha  latta  ' later  Xenon  have  been  used  successfully. 

a«  Giving  sufficient  absorption  at  partial  presauros  as  low 

CIS  I 1QSX». 


allowed  to  pass  through  the  10  cm  TJt, 
detonation  tube  by  two  opposing  beryllium  windows  resting  on  flatw 
milled  in  the  tube  wall,  see  Figure  1.  Slits,  3/32"  wide  in  the 
direction  of  the  wave  travel,  wera  milled  in  the  wall  under  the 
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i^in4o»»  d«rinins  a 17^  vadg*  of  radiation.  The  wlnrtoes  are  .0X0^ 
thiidi,  8«w?o*‘t^*tf '‘X  steel  cover  platas  whicftr  carry  wide 

defining  si Ita  and  rub&er  gaskets  to  seal  the  windovs.  This  arrange- 
nant  leaves  tHe  eindovs  Ixea  te  be  removed^  and  yet  is  strone’  ad:, 
vacutm  tlgfcfe^ 


The  cover  plate  over  the  exit  windov  also  carries  the 
photomultiplier  detector.  This  is  a Z>u!.!ont  type  6292  end-vindov 
tube  with  a photocathode,  diameter  of  1-11  A6''^  cousled  eltli  e XeSi^lr 
(ffa]aefer>  fSamtna  acfiVated'j.  sodium.  Iodide  scintillatinn  crysti^^ 

The  potential  divider  for  the  dyxiode  supply  voltages  and  a eathoda 
follower  to  match,  the  output  to  the  input  of  the  signal  acplifier 
ore  mounted  in  a small  chassis  attached  to  the  tube  socket.  The  tube 
and  socket  slip  into  a brass  tube  soldered  at  right  angles  to  the 
cover  plate  which  provides  shielding  from  light  and  electrical 
interleronce  as  well  as  support.  The  signal  amplifier  is  a Browning 
video  type  with  a constant  and  adjustable  gain  of  as  much  as  £50 
from  7 CP8  to  4 Ue.  The  amplifier  is  connected  to  the  vertical 
plates  of  an  Atomic  Instrument  Co.  single  sweep  oscilloscope  with,  an 
adjustable  horizontal  sweep  dvuration^  which  can  bo  accurately  timed 
by  20  microsecond  pips*  The  Z-ray  intensity  vs*  time  traces  obtalme4 
when  the  oscilloscope  la  tripped  are  photographed* 


To  relate  the  vertical  displacements  of  the  CBO  traces  to 
gas  density  changes  requires  two  separate  operations.  The  first  of 
these  is  to  determine  the  change  in  output  of  the  photomultiplier 
as  a function  of  the  gas  density  for  a given  set  of  operating  Condi- 
tions of  the  X-ray  tube.  The  output  is  read  difectly  on  the  micro- 
ammeter  shown  in  Figure  2.  This  correspouds  to  the  observed  Z-ray 
intensity^  and  is  plotted  against  gas  density  as  the  natural 
logarithm  of  the  ratio  of  X to  I , the  output  with  the  detonatloB 
tube  'evacuated.  The  slope  of  this  plot  is  the  mass  absorption 
coefficient  times  the  (constant)  path  length  in  'Mio  absorption 
equetloir 


- - a 


The  absorption  coefficients  determined  in  this  manner  are  not  constants 
duo  to  the  non-roonochromatic  nature  of  the  radiation  and  are  dependent 
on  the  X-ray  tube  voltage  and  emmission  eurrent. 


To  the  accuracy  of  the  present  measurements,  the  slight 
effects  of  chemical  change  on  X-ray  absorption  are  negligible. 
Therefore,  the  calibration  la  carried  out  with  a non-explosive  gas 
mixture  at  room  temperature  chosen  so  tliat  the  ratio  of  atooic 
species  is  identical  to  that  of  the  explosive  mixture  to  be  used  later* 
Tlie  calibration  curve  determined  for  this  mixture  is  then  taken  to  be 
that  of  the  explosive  mixture  before,  during,  and  after  the  explosive 
reaction* 
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B/e  second- step  is  to  relate- the  vertices  dlsplacenents  on 
the  Cno  record*  of  each  experiment  to  chance*  of  X-ray  tnteneity  and 
thus,  threoeit  the-  above  callbretlon  curve,  to  chances  in  density^,  ’tm 
accomplish  this  the- X-rey  intaaslty  is  observed  on  the  sieroassMter 
immediately  before  each  experiment.  Because  of  the  AC  amplifier  used, 
this  corresponds  to  a- horisontal  line  of  zero  vertical  deflection  on 
the  oscilloscope  record.  Immediately  after  the  experiment  the 
photomultiplier  supply  voltage  is  turned  off,  A circuit  shown  In 
fflgure  J Is  cunnacted  to  the  detector  chsssf  s ehlch.  satistitntss  £qx- 
the  photomultiplier  and  produces  step  function  traces  on  a separate 
film,  corresponding  to  known  changes  in  X-ray  intensity  from  the 
Initial  value.  The  mode  of  operation  is  as  follovs.  After  the 
calibration  clrcxiit  is  connected,  the  initial  intensity  adjustment 
Is  set  to  reproduce  the  initial  observed  current  on  the  microammeter • 
Then  the  step  Intensity  selector  is  set  to  the  first  position  and  the 
thyratron  switch  triggered  by  shorting  the  grid  to  the  cathode.  This 
raises  the  potential  at  A,  causing  less  current  to  flow  through  the 
bltial  Intensity  adjustment  resistor,  i.e.  simulating  a reduced  X-ray 
intensity  in  a stepwise  manner.  The  single  sweep  oscilloscope  is 
triggered  at  the  same  instant  and  the  result  is  a horizontal  trace 
corrpsp<mding  to  a decreased  intensity  as  alght  have  been  caused  by 
a sudden  Increase  ia  gas  density.  This  decreased  intensity  is  then 
read  on  the  meter.  The  thyratron  ssltcb  is  turned  off,  by  breaking 
tho  grid-cathode  short  circuit  and  breaking  the  connection  in  the 
step  intensity  selector|  the  next  selector  settixig  is  chosen  and  the 
process  repeated.  This  Is  continued  until  the  desired  lines  are 
drawn,  and  a base  line  corresponding  to  ...  added  by  triggering 
the  oscillloscope  manually,  with  the  thyratron  switch  open.  By 
matching  the  baselines  corresponding  to  la  this  record  and  the 
density  record  obtained  in  the  detonation^experiment,  it  is  possible 
to  road  the  intensity  at  any  point  by  interpolation  between  tba 
calibration  lines* 


To  convert  the  intensity  values  to  gas  density,  1^  must 
first  be  determined  by  using  I^,  the  known  initial  density,  and  the 
calibration  curve.  Then  values  of  In  JL  can  be  referred  back  to  the 

o 

calibration  curve  and  the  density  determined  at  any  point. 


Random  errors  are  introduced  during  this  procedure  by  the 
static  calibration  and  the  reading  of  the  two  films.  The  total 
error  from  these  sources  is  estimated  to  be  10^.  Further  random 
error  occurs  due  to  the  statistical  fluctuations  of  X-ray  intensity. 
It  has  proved  possible  to  compensate  for  this  to  a large  extent 
making  a number  of  duplicate  runs  and  averaging  the  results  at  each 
time  of  interest. 


The  systematic  errors  are  more  difficult  to  estimate  as 
veil  as  more  serious.  Despite  the  fact  that  low  output  currents 
were  drawn  from  the  previously  employed  1P21  photomultiplier  tube 
during  the  static  calibration,  serious  fatigue  was  encountered,  which 
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necessitated  correct  Iona.  Any  change- in  the  characteristics  of  the 
oscilloscope  and  amplifier  between  the  experiment  and  the  calibration 
cetdd  aggravate  this.  The  sgreement  between  theory  and  eaperl»egt 
to  date  has  been  within  151^* 


The  detonation  tube  is  made  up  of  sections  of  10  ere  IS  steel 
and  brass  pipe  equipped  with  flanges  and  O ring  grooves  at  the  ends 
sad  bolted  togathar  to  up  any  lenstbk»  d ^ oo 

at  ths:  initiation  end  is  separated  front  the  remairdrir  hf  % tbid 
plastic  diaphragm  and  filled  with  (.‘qulmolar  acetyl'  ie-oxygea.  This 
when  ignited  by  spark  very  rapidly  forms  a stable  plane  detonation 
wave  which  is  transferred  through  the  diaphragm  to  the  experimental 
mixture.  In  addition  to  the  X-ray  apraiatus,  the  remainder  of  the 
tuba  is  equipped  with  ionisation  gagt.9  (3),  which  produce  small 
electrical  signals  when  struck  by  the  ^'otonation  wave  front,  Ths 
signals  Can  be  displayed  directly  on  a time  calibrated  oscilloscope 
sweep  and  photographed,  b\*t  nore  accurate  reading  is  possible  by 
inserting  the  amplifier-pulse  shaper  described  in  (8),  Twelve  gages 
are  spaced  at  10  cm  intervals  along  the  top  of  the  tube.  The  first 
and  ninth  serve  to  trigger  the  velocity  recording  sc^o  and  the 
density  recording  scope  respectively,  and  the  other  nine  deterolna 
the  velocity.  At  the  tenth  and  eleventh  positions,  two  additional 
gages,  at  the  same  distance  along  the  tube  but  at  ISO  degrees  to  the 
first,  indicate  the  tilt  of  the  wave  front.  The  signals  from  theso 
gages  are  delayed  by  Z and  4 oicroseconds  respectively  to  distinguish 
them  from  the  first.  The  end  wall  of  the  tube  contains  three  more 
gages  on  a diameter  to  ddtset  non-planarity  of  the  wave;  the  signals 
are  delayed  in  the  same  manner  ej  the  tilt  signals.  It  has  been 
four-*  that  at  low  experimental  pressures  favorable  to  X-ray  investi- 
gation plane  and  normal  waves  could  only  bo  obtained  in  relatively 
long  tubes  and  a length  of  3,5  meters  from  diaphragm  to  slit  aystem 
has  proved  satisfactory * In  addition  the  Ionization  gages  were 
found  to  be  insensitive  to  low  pressure  detonation  waves  in 
However,  by  oalng  higher  voltage  cn  the  ionization  gap  ^ 

electrodes  w'th  very  small  signal  condensers  of  15-30  to  prevent 
®’^j*-tlpl0  signals,  and  especially  by  using  steel  wires  protruding 
1/4  into  the  tube  as  the  electrodes,  this  difficulty  was  ovorcomo 
down  to  experimental  pressures  of  15  ma. 


Results 

Tlie  experiments  so  far  performed  have  been  made  with  on 
earlier  modification  of  tlie  apparatus  herein  described  which  differed 
only  in  detail  A number  of  experiments  were  inade  to  detect  the 
reaction  zone  in  detonations  cf  both  hydrogen-oxygen  and  acetylene- 
oxygen  mixtures  at  one  atmosphere  initial  pressure.  Under  these 
condUions  the  reaction  zone  was  undlscoverable  within  the  resolving 
time  of  the  apparatus  of  less  than  1/2  microsecond.  Nothing  of 
interest  was  determined  in  this  phase  of  the  investigation,  md  the 
apparatus  was  used  tc  verify  the  hydrodynamic  predictions  for  the 
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tfanatty  distribution  in  the  rarefaction  region  behind  the  steady 
state  zone  (4)*  This  was  done  for  equimolar  acetylene- oxygon  with 
2C56  added  argon  at  a point  69  cm  from  initiation^  It  was  foiaid  that 
the  uaxmer  of.  initiation  was  important  for  the  rapid  establishment 
of  a normal  detonation,  and  that  simultaneous  sparks  distributed 
evenly  over  the  initiation  end  wall  gave  very  satisfactory  results* 
This  initiation  system  has  been  used  since  in  all  experiments.  The 
results  were  in  sgi’oemcnt  with  the  hydrodynamic  prediction  of  an 
Isontropic  expansion  wave  following  the  detonation  wavo  front,  with 
thv  gw9  expBJtdtiif  until  its  forward  wetiois  aeaasd  wd  ttbsa  seasdakaSa- 
at  rest  at  constant  density. 

At  the  completion  of  this  work  hydrogen-oxygen  mixtures 
were  again  studied,  this  time  at  reduced  pressure  with  xenon  as  the 
absorbing  additive.  Due  to  the  pressure  dependence  of  the  reaction 
rates,  it  was  now  possible  to  identify  the  reaction  zone  ard  vary  its 
duration  by  varying  the  pressure.  The  highest  pressure  at  which 
concrete  evidence  of  the  reaction  zone  was  obtained  was  55  of 
H«“305t  OM'wlth  added,  with  which  a sharp  density  spike  was 

oDSorved^in  one  experiment.  At  85  mm  reactant  pressure,  the  reaction 
zone  was  observed  consistently  and  five  experiments  were  performed 
so  that  the  results  could  be  averaged  and  the  statlsticaX  fluctuations 
reduced,  as  shown  in  Fiipu'e  4.  The  density  does  not  reach  the  full 
shock  value  by  a largo  margin  though  measurements  were  carried  out  to 
within  1/2  microsecond  o<  the  wave  front.  This  is  partly  due  to 
finite  time .resolution  of  the  equipment  and  perhaps  to  errors  in  the 
static  calibration  curve.  However,  since  the  same  behavior  was 
noticed  in  experiments  at  lower  pressures  in  which  the  reaction  zone 
Is  much  longer  and  in  which  the  C-J  density  is  reproduced  accurately, 
it  appears  that,  contrary  to  expectation,  the  reaction  starts 
practically  instantaneously  at  a very  high  rate  which  decays  rapidly 
as  equiZlbrlun  is  approached. 

EXpcrlmonts  at  65  mm  shew  somewhat  longer  reaction  tines 
and  a closer  approach  to  the  theoretical  density  at  the  wavo  front 
but  still  show  no  evidence  of  an  induction  period. 

It  was  iour'^  that  detonations  would  propagate  in  a normal 
fashion  ut  reac^’.'.nt  pr  jssures  as  low  as  15  mn  with  11  run  Xe  added, 
though  at  a very  ' m velocity  of  close  to  1200  n/sec , At  these  low 
pressures  the  reaction  zone  is  approximately  20  microseconds  long. 
Figure  5,  and  though  the  initial  portion  is  often  marred  by  non- 
planarity of  the  wave  front,  it  still  shows  the  steady  fall  of 
density  from  the  extreme  front  of  the  wave  to  the  C-J  state. 

This  is  !iot  enough  evidence  as  yet  to  clearly  specify  tho 
dependence  of  tho  rcacticjn  zone  length  on  reactant  pressure,  but  a 
prclimin.iry  cstij^ato  is  that  the  duraction  of  the  reaction  Increases 
as  the  inverse  square  ol  the  pressure^ 
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risur«  4.  The  Reaotioa  Zone  in  Hydrosen-Oxygen  Ulxtnra 
«t  Q5  uea  Total  Proesurei  Averaae . Density 
Values  for  5 Bxperiaeats* 


Figure  5, 


The  Reaction  Zone  in  Hydrofjen-O^'gen  Ulxture  at  15  oaa  Total 
Free  sure.  Density  (Ordinate)  vs.  Time  (Abscissae^  Distance 
Between  Negative  Hjiiing  lUrk^rs  20  /iscc* 


77 


unclassified 


%i.utiaAownk^ 

Th»  obflttrved  dtiration~of  tli»  raactloa  zo»«^  is  not 
mtthr  tt^at  a gas  voluae  element:  spends  ia  psssifig  frem  the 

shock  front  to  tho  C-J  st&te,  l.e«  with  the  dursctloa  of  cbeolosl 
reactions  Itt  this  veXuno  element.  Considerations  of  the  reaetio^ 
zone  as  a stationary  wave  fora  moving  by  the  observer  with  the 
detonatic  i velocity  lead  to  the  expressions 


where  Is  the  observed  duration  of  the  reaction  zone,  la 

the  true  dnrstlon  ot  chemical  reactions  in  a volume  eleisentl  laths 
initial  gas  densityj  X.  ia  the  observed  length  of  ti;o  reaction 

zone  { i -t^).  f Is  the  Instantanoous  density  of  gas  in  the 
reaction  zone.  If  the  latter  is  replaced  by  the  average  gas  density 
in  the  reaction  zone^  f the  last  form  of  the  equation  results 

which  is  particularly  instructive.  Since  the  actual  densities  ob- 
served average  from  2 to  2.S  times  the  initial  density^  the  actual 
reactloB  times  appear  to  be  2 to  2-1/2  times  the  observed  ones.  This 
ratio  does  not  significantly  depend  on  the  initial  pressure  la  the 
above  described  experiments. 

The  effect  of  inert  gas  is  of  interest.  When  a mixture  of 
13  parts  argon  and  three  parts  stoichiometric  Hp^O.  was  detonated  at  a 
total  pressiire  of  1/2  atm,,  i.e.  e pressure  of  of  71  mm  at 

which  the  reaction  zone  would  certainly  have  been  observed  had  the  ' 
argon  not  been  present,  no  trace  of  a density  peak  was  dlscemablo 
In.  two  identical  experiments.  This  indicates  that  added  rare  gas 
Increases  the  reaction  rate  even  though  it  lowers  the  temperature  in 
the  shock  wave* 
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Linde  Air  Products  Co,  Some  of  the  electronic  equipment  described  was 
constructed  by  .ir,  Roger  Hamburger, 
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TBS  ATTAXNHKNT  OP  THHUKSmiAiaC  BQOXLIBBXUU  IN  DSTOHATXON  VAVBB  7 


G.  B.  Xlstlakovsky  and  Valter  0.  ginaan 
Harvard  University 
Caabrldce^  Massachusetts 


Abstract 

Detonation  velocities  were  accurately  measured  1**  lean 
acetylene-oxygen  mixtures  in  which  unreasted  oxygen  may  be  delayed 
reaching  equilibritim  in  regard  to  its  vibrational  heat  capacity  and' 
dissociation  into  atoms*  Comparison  with  calculated  velocities 
proves  that  with  all  mixtures  containing  from  ^0  to  acetylexM 
the  observed  veloolties  agree  with  equilibrium  calculations*  The 
degree  of  agreement  is  such  that  equilibrium  temperatures  aro  deter- 
mined to  bottev  than  1^* 

Observed  detonation  velocities  in  mixtures  containing 
and  55f  acetylene  are  inconsistent  with  equilibrium  calculations^ 
provided  the  heat  of  sublimation  of  carbon  is  tahon  to  be  1^1  Kcal* 
They  agree  excellently  with  similar  calculations  assuming  170  FiraTt 
as  the  heat  of  sublimation.  This  is  regarded  as  strong  evidence  ftxp 
the  latter  value. 

Up  to  71 acetylene  the  observed  velocitioa  agree  with 

calculations  asuumiug  that  no  solid  carbon  is  formed  is  the  Chapoan- 

Jouguet  state,  although  total  equilibrium  demands'  its  proaeaco. 
yith  71  acGtyieno  two  velocities  are  obaervoci  in  the  sasria  experiment. 
First  a slew  wavo,  whose  velocity  agrees  with  a calculation  not 

allowing  for  solid  carbon.  Then,  aftor  an  almost  discontinuous 

transition,  a faster  wave  whose  velocities  Is  fairly  close  to  a 
velocity  calculated  under  the  assumption  of  total  equilibrium 
including  solid  carbon,  Uitn  still  more  acetylene  only  the  faster 
type  of  wave  Is  observed. 

rhe  nature  of  the  transition  at  71/5  acetylene  is  discussed 
on  the  basis  of  ideas  advanced  by  Doeiing  and  by  Kirkwood  and  Wood. 

TliG  effect  of  tube  diomotcr  on  detonation  velocity  has  been 
roasured  in  several  riixtures  and  has  been  found  to  bo  of  a snail 
ccustaut  magnitude. 
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Vhether  or  not  theraodyna»ic  e^uilibriua  is  attained  in  the 
Chapaan-JcMguet  Cc-J)  state  of  stationary  detmMkii«»  vaves^  has  been 
repetttedly  considered  from  tLs  experimental  and  the  theoretical  point 
of  view*  la  BOOTS  recent  times  Lewis  and  ?rlauf  (l)  demohatrated  that 
the  velocities  la  hydrogen-oxygen  aixtures  agreed  far  better  with 
calculations  in  which  Qomplete  themodynanlc  equilibrium  was  assumed 
tA  exist,  aaoog  th^  sesotiae  products  iik.  the  (W  atatej^  than  wltk 
those  assuming’  quantitative  reaetlaa..  2aldotvldk  came  to  the  saae 
conclusion*  Vne  detonation  velocitiaa  obtained  in  this  laboratory 
for  cyanogen-oxygen  mixtures  containing  at  least  $0^  oxygen  agreed 
within  experisMital  error  with  the  velocities  calculated  assuming 
thermodynamio  equilibrium  in  the  C-J  state*  The  high  value  for  the 
heat  of  dissociation  of  nitrogen  which  had  been  used  in  these  calcu- 
lat^lons  has  now  been  confirmed  (l4>),  and  the  high  value  for  the  heat  of 
diSBOOiatiott  of  carbon  monoxide  which  had  also  been  used  in  these 
oalculotlona  seems  probable  ($)•  Also  in  the  ease  of  acotylene-oxygsn 
mlzturea  oont sluing  from  2S  to  50^  oxygsn  (6)  and  of  the  approximately 
atoiobiocotrlc  mixture  of  carbon  monoxide. and  oxygen  (7)^  excellent 
agreement  with  equilibrium  oaleulations  had  been  obtained* 

fxoa  the  theoretical  point  of  viev^the  attainment  of 
oquiilbrlum  In  the  C*^  plana  is  not  a necossory  requirement* 

Zoidovieh  (2)  pointed  out  that  an  endcthormio  r^coiion  legging  behird 
the  exothermlo  prooesses  responsible  for  the  detonation  will  not  be  " ^ 
included  in  the  C-J  state  and  will  occur,  therefore,  in  the  rarefao- 
tlon  wave  where  it  has  no  effect  on  the  detonation  wove  parameters* 

The  rigorous  analytioal  treatoent  of  the  problem  by  Kirkwood 
and  t7ood  (8)  has  defined  the  conditions  under  which  equilibrium  may 
not  be  attained*  The  C-J  state  oorresponds  to  the  oondition 

Ul  <r^  - 0 

J 

where  the  r are  whe  chemical  rate  functions  of  the  J reactions, 
presumed  to  be  involved  in  the  detonation  process,  while  the  (T  ^ 
describe  the  effect  of  eadh  reaction  on  the  pressure  of  the  system, 
caused  by  the  enthalpy  and  mole  number  change*  As  they  point  out.  the 
normal  oase  is  for  the  left  side  Of  [l]  to  become  zero  when,  all  r3 
vanish,  because  equilibrium  has  been  attained*  However,  when  some  0*^ 
ha  .egative  values  (l*e.  when  reactions  occur  which  are  either 
endothermic  or  are  accompanied  by  a laz^e  volume  decrease,  or  both)^ 
equaticn  [l^  may  be  satisfied  prior  to  establishment  of  equilibrium* 

Xn  this  event  those  residual  reactions  which  occur  after  the  sunaation 
in  [l]  has  become  negative,  occur  behind  the  C-J  state  and  have  no 
effect  on  the  detonation  parameters*  The  authors  are  unable  ta 
decide,  on  the  basis  of  their  stoady  state  considerations,  wbst 
happens  if  the  suisnation  in  [l]  becomes  posltlvo  again  after  having 
been  negative  for  some  time*  A loss  defined  coco  of  a fast  and  slow 
exothermic  reaction  has  been  qualit<^tively  discuesod  by  Doering  (9)* 
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n*  >ueg«ata  that  while  the  detonetiofr  ware  ia  stilL  "youn^  and 
therefore  ita  rarefaction  wave  la  etee;^^  the  ^ow^  exothemie  reactioi^ 
nuat^  occvur  In  the  rarefaction  wave*'  With  the  progresa  of  the  detoni^ 
tloa  vave^  the  rarefaction  beeooea  leas  ateep  end  the  delayed  reaction 
developa  a shock  which  must  eventually  overtake  the  C*v7 
Thereupon, the  alow  reaction  contributes  to  the  parametera  the  wave* 
Xn  the  language  of  Kirkwood  and  Vood,  Doering's  proposal  means  that  in 
the  early  stages  of  a detonation  wave  its  parameters  are  ieteirmlned  by 
thermodynamic  state  sd  the  systea  which  eerreapond^  C9Ke 
oarlleah  vaniahing  of  the  left  side  of  [ij*  ¥lth  the  sging  of  the 
detonation, the  wave  parameters  suffer  a discontinuous  change  and  be* 
come  determined  by  that  subseqnemt  state  of  the  systra  in  idiich  eq* 

[l]  is  aatlalled  sgaia*  / 

The  experimental  evidence  on  deviations  from  equilibrium  it 
rather  inconclusive,  except  for  one  instance*  The  evidence  cited  by 
Eeldovich  (2)  on  the  pressure  dependence  of  detonations  in  hydrogen- 
chlorine  mixtures  Is  open  to  other  interpretation*  In  the  light  of 
subsequent  experience  In  this  Laboratory  on  overdrive  and  the 
diameter  effect,  the  siiggostlon  (lO)  that  significant  deviations  froa 
equilibrium  were  ohcervod  in  the  hydrogen-oxygen  mlatures  does  not 
seem  tecablw*  Xn  cyanogen-oxygen  mixtures  containing  excess 
cyanogen  (^),  the  observed  velocities  are  appreciably  higher  than 
calculated^  but  the  calculations  Involve  simplifying  assumptions 
about  the  th^oodynamic  fimctiona  of  the  cyanogen  molociile  and  the 
ejiperimdntol  data  are  not  altogether  trustworthy,  as  was  noted  at 
the'  tlmo*  A few  velocities  measured  in  lean  acetylene-oxygen 
mixtures  (6)  are  significantly  higher  than  calculated*  The  most 
striking  deviation  is  that  observed  in  acetylene-oxygen  mixtures 
containing  between  5?  and  70^  acetylene  (6)*  The  velocities  of 
these  mixtures  are  lower  and  decrease  fester  with  rising  acetylene 
concentration  than  Is  predicted  on  the  basis  of  calculntj-ons  per- 
formed, assuming  that  the  thermodynamically  required  amount  of  solid 
carbon  is  formed  bofore  the  C-J  state. Is  reached*  Uoreover,'  the 
velocity  was  observed  to  increase  from  70  to  80^  acetylene  to  values 
which  ai.'e  in  fair  agre<.mcnt  with  the  conpleto  equilibrium  caloula** 
tlons*  It  was  suggested,  therefore,  that  delays  in  nucleation  of 
solid  carbon  particles  prevent  this  reaction  from  occurring  within 
the  reaction  zone  leading  to  the  C-J  state  until,  owing  to  decreasing 
temperature  and  increasing  unburned  acotylene  concentration,  the 
degree  of  supersaturation  becomes  groat  enough  to  insure  adequately 
fast  pi ecipitation  of  carbon* 

The  present  paper  deals  with  the  xc  st  two  instances  of 
deviations  from  complete  equilibration,  since  they  appeared  to  be 
best  authenticated  by  previous  work* 
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Xn  gttitaral,  tho  equlpsont  asd  experlnaataX  |^s^>e«dor*»  ««r* 
elRilar  to  tikosa  described  previously  C?).  The  f^loviag  points  of 
dlifer<noe  should  be  noted* 

In  addition  to  piezoelectric  velocity  sa^pee  previously 
described^  also  the  inaixatlon  pises  (Xl)  sere  used  occasionally* 

They  appeared  to  iunctlnn  at  least  as  velX  a»  the.  otScsrs*. 

In  the  light  of  previous  experience,  it  see  clear  that 
eephasis  shoald  be  placed  on  tests  of  stability  and  constancy  at 
detonation  velocities.  Therefore,  seven  to  eight  eguidiatant  sages 
(lO  •>  12  ca  apart)  vere  mounted  in  the  experimental  seotioxis  of  each 
of  the  detonation  tubes*  Only  those  runs  In  ehioh  at  least  six  of 
these  gages  gave  pipe  on  the  Cao  record  vere  used  for  velocity  calou* 
lations.  Tho  velooltiee  vere  obtained  by  the  mbthod  of  loiist  squares 
from  the  timu  intervale  betveen  gage  signals  • The  standard  deviations 
of  the  volooitles  so  calculated  ranged  botveen  3 end  8 m/soo*  Once  in 
a great  vhile  a gage  signal  appeared  many  microaefionda  too  soon  or  too 
late*,  ruch  signals  v'tre  not  used  in  the  calculations,  as  they  were 
traced  to  solid  doposits  on  the  gage  bodies* 

Xn  the  course  of  these  experiments  the  gas  mixing  and 
storage  system  underwent  several  moUlf loations  and,  because  of  explo- 
sion hazards,  was  eventually  converted  to  an  all-metal  system,  vitb 
an  O-ring  sealed  piston  pump  providing  for  the  mixing  and  the  transfer 
of  gases  from  stainless  steel  storage  tanks.  Alrco  oxygon  containing 
0*^-0 .6^  argon  and  O.O-O.l^  nitrogen  and  standard  grodo  Linde  ergon 
containing  0.4-*(  nitrogen  vere  used  vithout  further  purification* 
Acetylene  from  a Prestolite  tax:k  vas  passed  through  Dry  Xoo  traps  to 
eliminate  acetone  and  other  high-boiling  impurities.  It  vas  then 
analyzed  mass  spectrometrlcally  and  foxmd  to  be  99  pure,  the 
Isgmrlty  being  very  largely  methane. 


The  Results  and  Conclusions 

The  results  obtained  fall  into  two  categories, ^bose  dealing 
with  the  lean  and  those  dealing  with  the  rich  acotvlene-oxygen  mix- 
tures. They  are  considered  here  in  that  order. 

It  has  been  pointed  out  by  Zeldovich  (2)  that  in  branching 
chain  reactions— and  most  if  not  all  high  temperature  oxidation 
re  '.tlons  are  of  this  typo — the  last  evert  chronologically  Is  the 
recombination  of- free  radical  intermediates  vhich  are  first  produced 
In  concentrations  exceeding  thermodynamic  equilibrium.  As  such 
recombinations,  because  of  large  enthalpy  decrease,  havo  positive  dT  , 
the  summation  on  the  left  of  [l]  should  vanish  only  vhen  equilibrium 
is  attained*  The  situation  is  different  vhen  a large  excess  of  an 
inert  diatomic  gaa  la  added  to  the  system.  As  it  does  not  partlcipflErtv 
In  the  reaction  chains,  the  excitation  of  its  vibrational  heat 
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capacity  and  ita  diaaodatlon  late  atoaa  Jrtght  occur  largely  «>rougir 
randcs  -prooesacs  of  tbemal  energy  exchange*  Since  the  teBq;>eratttrc 
rlaea  aonotonlcally  to  the  C*^  ataic,  tbeae  proceaaea  nl^t  be  the 
laat^  to  be  ooatpleted|.  having  negative  ^ ^ they  eill  reeedp  behind 
the  C-J  atate,  according  to  the  Xirkvood-Wood  argument.  Thsfertunately^ 
the  Incluaion  of  a large  mdefraction  of  an  inert  gaa  3 aada  to 
inatability  of  de^.o&ation  wavea  a&d>80  to  failure  of  e.perimenta  to 
teat  the  propoaition.  But  mlxturea  of  a large  excess  of  oxygen  with 
a little  a&ctylone  may  ooae  to  above  condition  baoauae  bena^ 

moat  eif , the  oxygen  doea  not  take  part  in  the  reaction  and  yet  they 
aupport  steady  detonation  travea.  Tho  detonations  ware  initiated  In 
an  equimolar  acetylene-oxygen  mixture,  which  was  separated  from  the 
mixture  being  atudlod  by  a thin  plastic  diaphragm.  The  detonation  in 
the  equimolar  mixture  rupturod  the  diaphragm  and  started  a detonatloo 
in  the  mixture  being  observed.  171th  th’a  technique,  it  was  found 
that  mixtures  containing  leas  than  5^  of  acetylene  gave  distinctly 
noh-ateady  vavea.  Ko  detailed  meaatiroaents  were  made  on  these  mizw 
tures.  The  main  source  of  difficulty  with  other  mixtures  has  been 
the  overdrive  from  the  Initiator  compartment.  It  showed  itself  as  a 
decreasing  velocity  in  the  experimental  mixtures.  To  Insure  against 
the  results  being  falsified  on  this  score,  interval  velocities  ob» 
tained  between  gages  spaced  10-12  cm  apart  in  tbn  experimental 
sections  of  the  tubes  were  analyzed  by  the  usual  statistical  proce- 
dures for  significant  trends  and  only  those  runs  accepted  which  gave 
no  evidence  thereof.  The  following  Table  1 gives  an  example  of  an' 
acceptable  run  end  of  one  wherein  the  wave  was  overdriven.  Further 
tests  were  made  by  using  the  Initiator  mixture  at  different  initial 
pressures,  so  as  to  vary  the  shock  pressxire  acting  or.  the  experimen- 
tal mixture.  Aa  the  following  Table  2 shows,  there  .exists  a range 
of  initiator  strengths  within  which  the  same  detonation  velocity  is 
obtained  in  the  experimental  mi^ure,  which  is  therefore  considered 
to  be  the  steady  velocity. 

The  magnitude  of  random  errors  involved  in  the  present 
measurements  is  seen  from  the  following.  The  standard  deviation  of 
measured  velocities  within  44  pairs  of  runs  made  under  identical 
conditions  was  4 m/sec.  The  standard  deviation  within  7 pairs  of 
runs,  identical  in  all  respects  except  that  a separately  prepared 
gas  mixture  was  used  for  each  of  the  runs  coLiprlslng  a pair,  was 
7 m/sec.  The  compositions  Included  in  this  analysis  range  from  the 
leanest  to  the  richest  studied.  Systematic  errors  due  to  the  time 
standard  used,  impurities  of  gases,  thoir  deviations  from  Ideality, 
not  allowed  for  in  making  tip  the  mixtures,  etc.  involve  together  an 
error  certainly  less  than  0,2$  in  detonation  velocity.  Altogether, 
it  would  seem  that  a probabio  error  of  0.3  to  0.4^  in  each  velocity 
determination  is  a conservative  estimate. 

earlier  work  from  this  Laboratory  indicated  (3#^)  that 
detonation  velocities  depend  on  the  tube  diameter  to  such  an  extent 
that  the  extrapolation  (3)  from  the  widest  diameter  used  (lO  cm^  to 
the  velocity  cf  the  iafinlta  piano  wave  adds  a significant  increment* 
Quite  limited  measurements  suggested  also  that  this  correction  is 
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very  oenaitlve-  ta  tbe  camposttioxi  of  tba-  nvlxture.  CosaldcrabI* 
effort  was  concentrated,  tberefoxe  nom  on  determining  the  diameter 
effect  for  variously  composed  mixtures,  rigure  1 shoes  the  results 
for  all  those  mixtures  with  which  experiments  wer<r  made  Ia  three  er 
four  different  tubes.  The  data  obtained  with  the  :Aallest  (l.3  cm) 
tube  are  of  doubtful  significance  because  of  experimental  imperfections 
but  they  suggest  an  only  limited  validity  of  the  linear  relation 
between  velocity  and  inv^se  tubo  diameter.  The  other  data  shown 
give  an  extrapolation  to  Infinite  diameter  of  ahouh  1 n/snm^jihlal^ 
agrros  well  with  the  prareiously  determined  (6)  diameter  effect 
9 m/sec  for  equimolar  mixtures.  HoT'crer^  the  new  data  shew  that 
within  the  experimental  error  the  diameter  effect  is  independent  of 
composition  except  possibly  for  the  73  mixture.  Velocity  data 

in  two  tubes  of  different  diameters  were  obtained  for  several  other 
mlxtxires.  They  confiirm  the  independence  of  the  diameter  effect  from 
composition,  shown  by  Figure  1.  The  velocities  measured  by  Quenochs 
and  Hanson  *12)  were  obtained  in  tubes  of  rather  small  diameters. 

Hence  extrapolations  to  infinite  diameter  are  quite  uncertain^  but 
the  magnitude  of  the  correction  appears  to  be  even  less  on  the  basis 
of  their  data  than  the  7 Wsec  suggested  above.  In  any  case^  it  is 
certain  that  this  correction  is  almost,  within  the  experimental  error 
of  the  present  measurements^ 

To  compare  the  experimental  extrapolated  velocities  with 
those  calculated  by- the  thermo-hydrodynamic  procedure,  it  is  necessary 
to  make  a correction  for  gas  non-ldoollty  in  the  C-J  state.  Zf  the 
Schmidt  equation  (l3)  is  used  for  this  pTirpose,  as  seems  entirely 
legitimate,  the  correction  amounts  to  ca.  -0.13^  (l^)  and  thus  Just 
about  cancels  the  increase  in  velocity  on  extrapolating  to  infinite 
diameter.  Bence  velocities  obtained  is  the  10  cm  tube  are  directly 
compared  below  with  theoretical  velocities. 

Ihe  hydrodynam'  ' velocity  calculations  on  lean  mixtures  were 
'kiSiiSly  performed  by  Dr.  R.  B.  Duff  of  the  Los  Alamos  liSboratory,  using 
ZBU  computing  machines.  Aside  from  the  uncertainties  in  the  thermo- 
dynamic functions  used^  all  taken  from  the  BBS  tables  (l3}  or 
extrapolated  therefrom  to  hlghor  temperatures  by  standard  procedures, 
the  calculations  are  accxitate  to  bettor  than  0.1^  in  the  composition 
and  temperature  of  the  C-J  state.  Tliey  were  obtained*  by  a method  of 
successive  approximations,  analogous  to  that  employed  in  manual  cal- 
culations but  adapted  for  machine  operation.  The  following  speciw 
wore  allowed  fort  OOg,  00,  HgO,  OH,  Hg,  H,  0^,  0,  The  concentra- 
tions of  carbon  vapor,  H^2  ^ small  to  affect  the  calcu- 

lations! the  chemical  potential  of  the  radical  HO2  la  not  known,  but, 
by  analogy  with  ozone,  it  may  bo  safely  omitted  fcs  of  no  importance 
in  equilibrium  calculations.  In  computing  the  detonation  velocities 
from  the  parameters  of  the  C-J  state.  Dr.  Duff  assumed  that  the 
sound  velc-city  Involved  in  this  calcuirtioii  is  that  corresponding  ta 
mobile  equilibrium.  Brinkley  and  Richardson  (16)  concluded,  however, 
that  the  velocity  corresponding  to  frozen  equilibrium  is  correct  ssd 
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rigur«  !•  Detonation  velocity  lu  acetylene-oxygen  nlxturea  la  tubes 
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Kirkwood  and- Wood  (8)^  new  coaflrn  this  daduction.  Thd  corraaponegag: 
corraetioa  to  Dr^  Xtuft^o  volocitias  ameuntSi  however,  to  oalp 
A m/sec  in  the  m^fbirs  containing  2^^  acetylene  and  la  less  la 
leaner  alxtures  • ^is  values,  therefore,  vare  used  without  correetleik* 

^fhe  problem  of  calculating  non-equlllbrlum  detonation 
velocltl4^has,  of  course,  no  single  answer  because  so  many  alterna* 
tlve  assumptions  may  be  made  and  each  suffers  from  artificiality* 

At  ou^  request.  Dr.  Duff  calculated  also  non-equllibrlun  velocities 
sssi^fnK  that  the  vfBrst^^tar  Best  capacity  of  unreactedT  cxygs&SKJt. 
aot^  excited  (c  > 5/Z  R)  but  that  Ita  degree  of  dissociation  into 
atons  was  the  same  as  if  It  has  the  normal  chemical  potential*  Itils 
assumption  changed  the  other  equilibria  only  insofar  as  it  changed 
tile  C-J  temperature  of  the  reaction  products.  Rather  rough  estimates 
carried  out  by  us  Indicate  that  the  aupresslon  of  oxygen  dissoolatloa 
should  double  deviations  from  equilibrium  velocities,  compared  with 
calcnlatlona  of  Dr.  Duff* 

In  Figure  2 the  lover  curve  shows  the  equilibrium  velooitios|, 
while  the  upper  curve  shows  velocities  with  vibrationally  non-exoited 
ax^oru  The  experimental  data  are  shown  by  circles*  Their  position. 

OB  the  diagram  is  such  as  to  reject  definitely  the  possibility  of  noo-- 
attainment  of  equilibrium  In  these  mixtiu'es*  The  earlier  restilts  (6) 
obtained  in  this  composition  range  undoubtedly  were  too  high  because 
of- overdrive,  not  sufficiently  guarded  against  at. the  time.  Ve  alao 
obtained  such  high  velocities,  but  they  invariably  showed  downward 
trends*  The  earlier  results  \6)  on  richer  mixtures  (with  which  ours 
agree  at  25^  acetylene)  have  shown  that  between  ^0  to  259^  acetylene 
there  exists  perfect  agreement  between  experiments  and  equilibrlua 
calottlatlons*  Now  this  ogreement  has  been  extended  down  to 
acetylene*  This  is  instructive  because  in  mixtures  containing  nearly 
50jC  acetylene  the  major  dissociation  equilibrium  is  that  of  hydrogen* 
In  the  very  lean  mixtures,  on  the  other  hand,  the  dlssoclAtlons  of 
oxygen  and  water  vapor  are  thermodynamically  of  greater  importance* 

The  kinetic  mechanisms  by  which  these  dissociations. tend  to  equilib- 
rium are  undoubtedly  different  and  yet,  as  the  measurements  show  con— 
cluslvely,  they  all  reach  equilibritus  in  thp  C-J  state*  It  might  bs 
noted  In  this  connection  that  in  comparison  with  the  other  methods  of 
studying  gaseous  equilibria  at  very  high  temperatures,  the  technique 
of  detonation  velocities  is  extremely  prcciso*  Thus  if  the  entire 
residual  discrepancy  between  the  experiments  and  calculations  is 
regarded  as  an  experimental  error  in  temperature  estimation,  the 
measurements  on  these  acetylene-oxygen  mixtures  permit  the  determina- 
tion of  temperaturee  to  better  than  1^  accuracy  in  the  range  fron 
3000  to  4500°  K. 

Mlxtixres  of  acetylcno  and  oxygen  containing  excosa  acetylene 
are  of  interest  in  two  respects*  In  those  containing  but  a small 
excess  of . acetylene,  the  temperature  of  the  C-J  state  is  so  high  that 
unhurned.  acetylene  must  be  substantially  dissociated  into  hydrogen 
and  gaseous  carbon  if  the  heat  of  sublimation  of  the  latter  is  only 
l4l  Kcal  (17)*  Since  the  alternate  value,  1*20  Kcal,  is  not  .ve  ye4 
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Fi]jixre  2.  Observed  and  calculated  detonation  velocities  In  lean 
acetyl ene-oxysen  mixtures.  Clrolost  averages  of  at 
least  two  runs  ooch  In  the  10  ca  tube  rt  1 Atm.  pressure. 
Lower  curvej  calculated  velocities  under  the  assumption 
of  complete  equilibrium.  Upper  curve;  excess  molecular 
oxygen  assamed  to  be  non-vibrating  but  in  oquilibrlum  with 
oxygen  atoms. 
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prcvwn  h0y‘oai  twitbmz  daabt  oM^ltMtory  evidMo*  obtsinsd- 1»  tft* 
pr«Mat  liive8tig«tiaaB..is  d som  tafy— t » ^ ■ Th»  •atperiaantully  oly* 
•wyed  valoolty  la.  a alxtava  coatalad«c  539^  aeatyiaiwr  st:  X ate. 
laltlal  pra'asura  (of  Figure  l)  la  2822  aetcra,  ehioh  vidua  should  ba 
within  10  n/sao  of  the  truj  velocity  d an  Inf  lidts  plana  wave  la 
Idaid  gassa.  lha  calculation  of  the  thaoratical'^veloelty  was 
carried  oot>by  previously  daacrlbed  (3)  manual  techn^uea.  Th«me>> 
dyaaaia  fanfitlona  waK%  ths  seas  as  yiw^etialr  used  {67.  iBEftauMacai 
was  made  in  tha  eaXenlatioBs  for  the  foXXoving  speclet  C8,  00^ 

C . SnM  R«  Raving  thus  daterminad  the  equilibrium  co&qpositXonf 
pressure  and  temperature  of  the  0-J  atata^  it  was  found  upon  their 
substitution  into  the  appropriate  equillbrlua  equations  that  the 
eouoent  rat  Iona  of  the  following  specie  veie  too  small  to  alter  the 
results  of  the  calculation^  had  they  been  allcwed  fort  CO^,  R^O^ 
CBl.  CL«Rl.  Ihe  aquUibrlum  concentrations  of  ete..are*not  ucwn>. 

aasnmptlona  of  Glockler  (16)  are  accepted,  these  carbon 


but  if  t] 

specie  affect  significantly  the  calculated  velocity,  by  losarlng  It  a 
few  tenths  of  a percent,  only  if  the  heat  of  eliblimation  is  1^1  Xosl. 
Vlthout  olloeing  for  them,  thll  heat  of  sublimation  leads  to  s oialon- 
lated  veloolty  of  2?^  w/seo.  . With  the  17O  KOal  value,  the  result 
Is  2819  o/sea»  Xf  aqotylene  it  assumed  to  be  vibratlonally  exolted^ 
bat  not  dissociated^  the  result  Is  ^30  m/seo.  Vere  It  not  vibration- 
ally  *oxoltod,  the  result  would  be  sufficiently  higher  to  he  in 
significant  disagreement  with  the  experiment^  figure.  Finally,  if 
hydrogon  left  behind  vben  acetylene  is  oxidized  to  carbon  monoxide 
is  also  assumed  not  to  be  dissociated,  although  vibratlonally  exolted, 
the  veloolty  is  raised  to  cs.  2900  m/seo.  the  experimental  value  is 
consistent  only  with  the  equilibrlxim  calculation  assuming  17O  BosI 
as  the*  heat  of  sublimation  and  with  the  non-equilibrlum  ealculstloa 
uhlob  escolpdes  the  dlssoolstlon  of  acetylene  but  includes  that  of 
hydrogen,  ihe  second  alternative  makew  it  Impossible  to  assert  that 
the  high  heat  of  sublimation  has  been  proven.  Bowever,  In  the  con- 
text of  the  previously  discussed  results  on  lean  mixtures,  the 
supposition  that  hydrogen  is  dissociated  hut  acetylene  (which  plays 
ncxr  a role  similar  to  that  of  excess  oxygen  in  lean  mixtures)  while 
vibratlonally  excited  Is  not  dissociated  Is  so  improbable  that 
strong  evidence  for  the  high  heat  of  sublimation  is  believed  to  have 
been  adduced. 

. With  55jt  acetylene,  the  experimental  velocity  Is  27^5  m/seo 
while  the  equilibrium  cslciilation,  with  17D  Xcal  as  the  heat  of 
sublimation,  gives  27^1  m/seo. 

Our  early  experiments  with  these  and  richer  acetylene- 
oxygen  mixturea  suffered  from  considerable  lack  of  reproducibility, 
a fact  noted  also  by  other  investigator a.  The  cause  was  eventually 
traced  to  loose  carbon  black  which  remained  in  the  tube  from  rxm  to 
run,  was  stirred  into  the  fresh  admitted  gases,  slowed  down  the 
detonation  wave  by  the  Inertia  of  carbon  particles.  After  the  pro- 
cedure was  adopted  of  removing  all  loose  carbon  before  each  run, 
entirely  consistent  data  wore  obtained  up  to  8O5C  acetylene.  At 
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Zn  Figure  3 ere  shown  the  results  on  rich  acetylene?, 
oxygen  mixtures^  ebtslnod  at  1 Atsu  initial  pressure  in  tubes  of 
10  ea  dleneter.  Within  the  experifflental  error,  the  velocities 
shovn  ia  Figure  3 ero  Identical  with  extri^polated  and  corrected 
vutuuieMs.  SfiBsar  H saS  9 fa  ehfs  Ffgnrs  cnr  FaPeapugstieMi  hvtMsiF- 
oalfiuleted  velocities,  the  first  for  the  hoaogecoda  eq^iilihrins  not 
hvdving  sdid  carbon:,  the  other  for  eonplete  equllibri\ai.  Had  the 
heat  of  sublination  of  carbon  been  assuaed  to  be  lUl  goal,  the 
calculated  velocity  curve  woold  have  started  at  the  same  value  as 
curve  A for  the  equimdar  mixture,  dropped  about  70  a/sec  lower  than 
the  curve  shovn  for  the  adxture  containing  33^  acotylene,  and  then 
drawn  closer  again,  to  beccete  experiaentally  indistinguishable  from 
It  when  Bore  than  o0](  acetylene  is  present* 

Zn  the  coaposition  range  of  30  to  71)(  acetylene,  the 
experlaental  pcints  lie  quite  close  to  the  calculated  curve  A* 
fhe  deviations  ere  undoubtedly  within  the  combined  experimenteZ  and 
ealcolational  errors  beesaas  In  richer  mixturesi  in  which  the  cyr  ' 
teepereture  £«  low  end  wooh  unoocidized  acotylene  is  present,  the 
cclculatlons  which  allow  only  for  Its  dissociations  Into  ths  CH 
. radicals  axul  into  Hg  ♦ 2 C (both  of  which  ere  then  entirely 
Insignificant)  become  rather  inadequate,  in  view  of  other  possible 
cos^ituente  of  homogenous  equilibrium  CgHj^,  HgOO,  etc.)  and 

of  uncertainties  in  tho  thermodynaxalo  functions  of  soetylexie. 
yigure  3 ehews  that  at  71?^  acetylene  a dlsoontizraous  rise  In  velocity 
is  observed*  This  we  shall  consider  in  some  detail  later.  Above 
Tip  acetylene  the  experimental  points  are  tar  from  curve  A,  but 
still  do  not  fell  oa  curve  B*.  This  discrepancy,  however,  la  not  a 
convincing  evidence  tha^  complete  equilibrium  is  not  established  ia 
the  C-J  state*  Firstly,  the  oaiculations,  as  noted  above,  are  quite 
uncertain  in  this  region*  Secondly,  the  calculations  assume  that 
graphite  is  the  solid  product*  Actually  formed  is  extremely  finely 
divided  active  carbon,  whose  chemical  potential  is  probably  well 
above  that  of  graphite,  so  that  less  energy  is  released  for  wave 
propagation  to  its  formation,  as  was  noted  already  In  the  earlier 
publication  (o)* 

Figure  b shows  the  Interval  (gage  to  gag*')  velocities  for 
containing  close  to  71?^  acetylene.  Each  point  is  the 
average  of  two  or  more  runs.  With  70?^  acetylene  a normal  velocity 
is  observed  all  along  the  tube*  The  Initial  velocity  with  Tljt  is 
lower  (and  hence  close  to  curve  A of  Figure  3),  but  some  distance 
down  the  tube  the  velocity  undergoes  a nearly  discontinuous  change, 
followed  by  a more  gradual  rise.  With  72?^  acetylene  only  the  high 
velocity  is  obsarvod.  There  appears  to  be  a substantial  upward 
trend  in  velocity  which  is  statistically  Just  Bigaificant,  The  same 
is  true  of  the  upward  trend  observed  with  the  75^  acetylene  mixture. 
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Observed  and  calculated  detonation  velocities  in  rich 
acetylone-oxyfton  ulTcturos*  Clrclest  averages  oi  experi- 
nental  data  except  lor  velocities  at  30^  80^ 

acetylene  vhlch  are  tal^en  from  roferouce  (6).  Lover 
curve  calculated  on  the  assumption  ol  homogenous 
equillbriiKi  only.  Uoper  curve  includes  solid  carbon  among 
reaction  products. 

92  unclassified 


DISTANCE  FROM  DIAPHRAGM  (CM.) 


D«t«astiaci  velocity  a*  a function  of  distance  froa  the 
plana  of  initiation.  Triansleas  70^  acetylene| 
erossesf*  71j{  aoetylene|  dotof  72^  acetylene|  oirclaat 
i5$  acetylene. 
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biKhoar  tiite- ahem  £»  Flcvr*  } sad  llo  therefore  clos^  ta  t!i«r 
theoreticel  o«ree«  ... 

Ve  believe  that  ttMM  obeervetioes  represent  the  first 
experlaeatsl  exemlnetion  of  the  situation  enviuged  b]r  Doering  and 
More  fureois^SK  by  Kirbvood  and  Vood^  that  equation  [l)  is  satisfied 
for  tvo  oottsecutive  states  of  the  system,  with  an  Intervening  period 
of  nagstiW  eelaaa  ed.  tke  SsnctlMi  iaveleeA*  1&  eos  «SM^ 
function  iriLi^  go  negative^  adKer  the  homogenous  squilibriOiB  bsv 
been  establishedj^beosuae  of  energy  losses  to  the  vails.  This  is 
suggested  by  the  observed  difference  in  the  behavior  of  the  waves 
la  the  5 and  S.5  ca  tubes.  Is  the  latter  the  transition  to  high 
velocities  occurs  taioh  fartbss  from  the  point  of  initiation  than  in 
the  5 OB  tube* 

Ztt  accord  with  Doerlng^s  general  concept,  ve  believe  that 
the  condensation  of  carbon  etarta  a substantial  distance  behind  the 
shock  front  beeanae  at  delays  In  nucleatlon,  and  so  it  occurs  in  the 
rarefaction  wave  following  tibe  homogenoua  reaction.  As  the  rare* 
faction  wave  cones  lass  stesp  vith  the  progressof  the  wave  down  the 
tube  (23)>  the  energy  released  Is  the  carbon  eondensation  reaction 
develops  e finite  pressure  wmvSj  lAloh  la  able  to  advance  toward  the 
C*J  state  because  of  its  locsllj  supersonic  velocity*  At  some 
instant  it  reaches  the  CSJ  state,  end  from  this  time  on  the  energy 
released  by  the  carbon  precipitation  com&ienoes  to  contribute  to  the 
wave  propagation  because,  vlliila  the  entire  region  from  the  priaary 
shofdc  to  the  or  rbon  precipitation  zone,  the  gas  is  now  nioving  with 
subswio  velocity  relative  to  tiia  shock  front.  Xf  the  new  stationary 
state  is  estsblieh^  instantlj,  the  change  in  the  detonation  velooity 
should  be  discontinacos,  but  the  observed  upward  trends  after  the 
initial  rapid  change  suggests  that  the  transition  tatoe  some  time. 

^ In  fact,  the  velocity  trends  sated  In  the  T2^  and  7^  Mstwres  ■sj' 

‘ be  due  to  sii&llar  transitions  having  taken  place  too  near  the 

diaphragm  to  be  observed*  Os  the  other  baud,  had  we  had  svallsbXs 
very  long  tubes,  ve  ml^dit  have  observed,  much  farther  from  the 
diaphragm,  transitions  in  leaaar  mixtiures. 

When  the  transition  to  the  new  C-J  plane  has  been  completed 
end  the  wave  has  again  attslsod  a stationary  character,  the  structure 
of  its  steady  state  region  la  probably  as  followa.  Behind  the  shock 
^ front  there  le  a zone  of  oxidation  reactions  (von  Neumann  spike), 

probably  of  quite  short  duration.  Thereupon  follows  a region  of 
substantially  constant  pressure,  in  which  no  rapid  reactions  take 
placef  finally  comes  the  regloa  of  carbon  precipitation  from 
residual  acetylene  with  a further  drop  of  pressure,  ending  In  the 
C-J  state.  Such  structure  would  be  quite  analogous  to  that  reported 
«wuently  for  non-spinning  detmation  waves  in  pure  acetylene  by 
Duff,  Knight  and  Vright  (V9),  except  that  there  the  initial  reaction 
Boeie  is  absent  because  of  lade  of  oxygen. 
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WtaAStSbemaSa 

tanXteUXMc 


Bfr  •KtrtMW  at  th*  aocood  reactieai- sese  its  aotiatt; 
r^fttlv«^  ta  thoL  frost;  oT  t&»  dotosAtion  v«va  aboidd^  b»  obsonrabls. 
y t ically  bacransa  at  parobabXa  aoccapanylBir  ehai^paa  is  lumitaomltr* 
IxpariMxits  witft  a aaaar  oaMara  ara  aov  undaraaj  to  daaoastrata  lt» 
axiataiioa. 

Xt  raaalBg  to  describa  aoaa  aoKparimmta  vbieh  ara  pariiapa 
IttaonalataBt  tha  istarpratatloa  advancad  abova*  Xf.  opaa  ubm. 
^datrtrlasf’  iMBrtfaiS-  CFi^sgam  ua  ot  aeatyXasa  ami  co^fian-  as  is  tii» 
pLavIoaaXf  dagerlbad  aspar luastg , but  addg  goesa  argon,  tha  affaet 
ghould  ba  f Irat  of  all  a loaartag  of  tanparatura  la  tha  O-J  ststa 
and  tharafora  as  laoraaga  la  tha  dagrea  of  gupargaturation  vith 
rggpaot  to  golid  earbos*  Ibaraforai  aa  axpacted.  that  la  gnch  trlpla 
•Ixtttrag  tha  traagitloa  to  hlghar  valoeltlaa  would  occur  at  gub* 
gtaat tally  loaar  acetyl aaetoxygaa  ratioa.  Upon  adding  lilt  m Argos 
to  1 Ataia  of  Acatylana-oocygan  aixturag,  tha  trapgltloo 

wag  indaad  obaarvad  with  tha  aeatylana-orygaa  ratio  wary  tag  from 
to  71t29«  But  tha  addition  of  19O  am  of  argon  did  not  ghift 
tha  trawition  to  gtill  lover  acetyl  ana  oonoantrationg*  Tha 

axparisantg  wara  not  vary  reproducible  and  ara  inconoluglva*  f r 

eaaarg  iavagticattoe,  now  unddrway,  say  provide  batter  inf onaatidi 
08  the  latamaX  atruetura  of  these  oaoplex  detonation  vav<  a 

parhapg  garva  ag  a technique  for  a quantitative  study  of  tha  kinetios 
of  condangatlon  of  oarbon* 

% 

Xt  is  a pleaaura  to  acknovleUga  the  support  of  this  resaaroh 
by  tha  Office  of  Naval  Besearch  under  Contract  Njori-OTfi,  T.O,  ZXZ, 
IQ-^d55-OS)^^,  with  Harvard  University » 
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oil  STfiXTURE  OF  1 SETONATIOV  FROHr«»«« 


V* *  K.Gilkertoa***  aad  Monatt  Davldtoa 
GaUs  vui  CreUin  labarataries  of  Chasiiatxj 
Califtrala  laatituta  af  Tadmalagr 
hiaadeiia»  Califamia 
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Wi 


ABStBACr 

in  afforfc  vaa  aada  td  abeerra  tha  atruotura  of  tha  xaaatioB 
laoa  far  a datemtloa  ia  a goa*  Datonationa  in  a 50Stea*50l!iS0^  vlxtura 
at  0*095  atar«  praamira  eontalBlag  vara  Initiated  bf  ahoak  vaaaa 
in  a ahook  ttdia*  Baosnaa  af  Ignltian  uolaya  and  tha  abort  laagth  af 
tuba  availablit  tha  datonationa  did  not  aottla  de»n  ta  a ataadsr  atata 
and  vara  af  cnaxpoctedly  high  vaXaei^*  Tha  iadina  aarvad  aa  a e^or* 
Bdtrio  IMleator  far  the  ahook  frant*  Tha  light  output  of  tha  data* 
nation  ia  a «top  function  of  tine  vith  a front  ooinoidant  with  tha 
ahook  front  vlthin  2-3  n soo«  Tha  experiaent  indioataa  that  tha  rtao- 
tien  -aana  ia  laaa  than  *10^  ooUiaiona  thick*  A oruda  thaoratloal  aa- 
tisata  of  tha  reaetion  aana  thicknaaa  of  1000-^4000  eolUalona  la  aada* 
Fioaalblo  chain  Initiating  atepa  are  alao  oonaldarad* 


*Raaear^  aupported  by  tha  0*K*R*»  ^oject  NK  051''^240« 

^H*rhi8  paper  haa  been  aubmitted  for  publication  to  ^a  Journal  af  Chan- 
leal  Fhysioa* 

••oRreaect  addroaai  Oapartaant  of  Chcxclstryt  Dniveralty  af  South  Cara* 
lina»  Colnmbia»  8*  C i 


\ 


Tb«  Ifowana  thaory  aTdatMiatiea^  {lY  aai<—  that  tha 
ftoot  eensiatt  oTa  ahoek  vava  vhioh  eaatFreaaaa  aad  baata  tba  aaburBod 
gaar  tberabgr  ialtlatiiig  eaobuatlaaf  and  a reaetioa  aoaa  la  vhleh  ttaa^ 
tMparatapa  riaaa  and  tbe  deaaltj  falla  as  tha  eoaboatloa  praeaadt» 
The  plane  behind  the  reactica  sena  vhera  the  hl^  tenperatura  equiib* 
rluB  eaaentlally  obtaina  ia  called  the  Chapman-Jouget  (CJ)  plana  far 
an  erdinaxy  datonatien* 


1 

j 

( 

i 

] 


The  azparloent  daaerlbad  &ara£i  la  an.  alteatpt  ta  ebaerva  tha  { 
thfckneag  af  the  reaction  som  f «r  a detonation  In  a hydrt^en-catygen 
gaa  niactora  ia  a glass  tuba*  It  haa  been  auoceaaful  only  ia  eatabliah- 
ing  an  upper  Unit  for  the  thiekneaa  of  thia  none  under  certain  apeeial  ’ 
conditiena*  Kiatialceualgr  (2)  haa  observed  the  density  profile  for  a | 
detonation  la  a tdxture  of  exygen^  aeetjlene»  and  nathyl  broBida»  pra<-  | 
aunably  at  1 atn*  initial  preaauret  by  x-ray  abscrption«  and  rep^a  | 
that  in  thia  syatea  the  reaetioa.  aaaa  ia  leaa  than.  1 na  thiek%  .j 

The  beeio  Idea  of  the  experiisent  la  ta  ebaarva  a detonatica 
ia  a Ba-Oa  sirture  containing  a saall  aaount  of  Ta  • absorption 

prorvldea  infonation  about  tha  eonoantration.  of  indlna  and  therefcra 
about  the  shook  front*  Thia  ean  be  ecsapored  with  tha  position  of  tha 
eomhuatioa  aona  as  aanifeated  by  lig^t  eaisaion  I7  tha  reacting  nix* 
tur:.* 

1 

Tha  exparixnent  vaa  carried  out  in  a shock  tubea  and  sons  of 
its  features  aay  bo  described  ly  reference  to  figure  la*  bihea  the  nesi- 
brane  breaks » the  exponsien  of  the  ki|^  pressure  gaat  faydrogen»  into 
the  leu  pressure  reaction  mixture  results  in  a strong  shock  vave  vhioh 
Inltlatca  oombuction*  Vo  call  the  resulting  detemtion  a supported 
dotozattoa  because  tha  "push**  by  the  hi^  pressure  driving  gaa  pro* 
vents  the  formation  of  a rarefaction  vave  behind  the  CJ  plane » as  ia 
oharac'  •ristio  of  an  ordinary  detonation*  For  tha  actual  preasore 
ratios  used 9 the  detonation  is  seaauhat  stronger  than  is  a free  date- 
nation*  This  subject  is  discussed  in  detail  below* 


J 

EXTERlMEnAL  I 


The  shock  tube  and  cur  general  techniques  have  been  ds* 
scribed  previously  (3)*  The  driving  section  is  a 180  cm  length  ef 
15  ca  diaiaeter  steel  pipe*  The  shock  wave  section  is  a 140  cm  length 
ef  15  eu  alunintca  pipe  axid  a 150  cm  length  of  I5  ca  lyrex  4>ipe*  Cel- 
lulopa  acetate  msmbranes  are  clamped  betveen  thb  steel  and  aluninua 
sections*  The  shock  vave  chamber  could  be  evacuated  te  0*5  p pres** 
sure  and  degassed  or  loqked  at  a rate  less  than  0.1  n mln*~^  Tank 
hydrogen  and  eiygen  (Liiide)  were  passed  over  I^ierite  and  throu^^ 
flev-meterSf  mixed9  and  then  passed  through  the  nressure  reduolng9 
iodine  saturating  syetam  described  previously  (3)*  After  the  tube 


vas  ftlled»  a sample  of  the  mixture  was  vlthdrawn  into  a one  liter 
bulb  and  i^ted  by  a hot  platinum  wire*  The  >jater  produced  vas 


^ j''y wOV*.^ m" ^ a* ^ v*. 


/Ig.  1.  (a)  Schenjatlc  diagram  of  apparatus,  B,  driving  gas  (fla);  Dr 
diaphragm;  A|  driven  gas  (HaiO,);  lights;  FM,  photomultipllcarsj  C, 
to  vacuum  line;  £»  gas  inlet;  (byCfd)  Pressure » as  a function  of 
distance*  sometime  after  the  bursting  of  the  diphragm  or  the  be-> 

ginning  of  detonation  for  a free  detonation  (b);  a suppoz'ted  detcnaticn 
(c)|  and  an  insufficiently  suppoarted  detomtlca  (d).  The  dotted  lines 
in  (o)  and  (d)  iniicata  the  contact  surface  betveen  expanded*  cold 
driving  gas  and  shockedf  combusted*  driven  gas* 
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Gtlkersott  and  Qvrldsoft 


t4kMi  up^  th»  pressure  before  and  after  cembusti^tt* 

tbe  ratie  of  ocygen  W bydrcgea»  (table  XI)  uas  0(»>puted»  TbXe  aa&X* 
jata  vat  reproduoible  and  accurate  te  ^ 0J^» 


»SUPPOHra)"  DETOMAjaar 


Tbe  syBdMle  te  te  wed  ii||r.4ibie  dlaeussleit  axvv  ^ , 

2 ■ masi  voleeular  veiglit  ef  m^ekcted  gsB,  2 * volume  per  V granr  cf 
gaa*  |[  ■ enthalpy  per  V gram^^  S ■ shock  veloeityt  **  velocity  of  a 
Area  datonatiea  calculated  using  the  ChapBan<-Jouget  condition*  j ■" 
material  velocity  of  gas  in  laboratory  system*  Subscripts  1 and  2 re- 
far  te  tmahoeked  and  shocked  gas  at  chemical  equilibrium  respectively* 


As  is  veil  knowB*  the  ?>V  behavior  of  a fluid  stibjeot  te 
shook  eeapreflsion  is  defined  by  the  Rankine-Rugoniot  (KH)  equatton* 
tEa  - £i)v2a  ♦ 2i)  ■ 2(22*"  fit)*  TW-®  with  tho  perfect  gas  lav  and  the 
thermodynaxaie  conditions  for  ehemieal  equilibrium  between  the  various 
oemponenta  can  be  used  to  define  thq^ehavior  ef  a detonating  mixture* 
and  the  RR  eterve  ae  caloulatod  fox'  5^i  >50)^^  at  an  initial  presstire 
ef  0m035  etm*  ia  illustrated  in  Fig*  2*  TfoefUl  numerieal  results  are 
^«en  in  Table  Z*  The  velocity  ef  eny  particular  shook  la 
vEa  • Et)/(Ei  **  Sa)*  tangent  illustrated  in  Fig*  2 defLies  tiie 
■Icvest  ahoek  possible  fer  the  nixture  provided  it  reacts  ta  chemical 
eqalUbritoa*  Va  refer  te  this  vave  as  a free  detonatloni  the  gas  at 
the  CJ  plane  has  a material  velooi^  2 & temperature  such  that 


* , T'/a 

a-1- Va(Pa  (V,  - V^)  ' 

is  the  local  sound  velocity*  For  a shook  proceeding  te  point  A of 
Fig*  2*  the  velocity  ia  greater  than  that  for  a f^ee  detonation*  the 
temperature  is  higher*  and  fi  - 2 locally  subsonic*  For  a shock 
proceeding  te  point  B*  the  velocity  S is  greater  thau  that  for  a Area 
detocdtion*  tho  temperature  is  lover*  and  - 2 supersonic* 


Fig*  lb|0|d  illustrates  pressure  profiles  for  several  pos- 
sible experiments*  Fig*  lb  is  for  a free  detonation  originating  at 
the  closed  end  of  a tube*  A rarefaction  originates  at  the  same  exvi 
and  fallows  tne  detonation*  & a shock  tubfi  configuration  with  a suf- 
ficiently large  bursting  pressure  ratio*  the  prossure  profile  will  be 
that  of  Fig*  le*  The  push  by  the  drivl^  gas  is  sufficient  te  sup- 
press the  rarefaction  and  give  a step  function  shape  te  the  pressure 
wave*  XT  the  bursting  pressure  ratio  is  insufficient  for  the  expand- 
ing gas  fi'oa  tbe  driving  chombor  te  reach  the  velocity  v at  tho  pres- 
sure £2  which  obtains  at  the  C J plana  for  a supported  detonation*  then 
tho  situation  ia  as  depicted  in  Fig*  Id*  There  la  a rarefaction  be- 
hind the  detonation  front  aai  the  velocity  of  the  front  ia  the  aame  as 
that  for  a free  detenatien* 
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(initial  coniitious,  0,035  300*Kt  tbeCTWcSynawic  data  Trm  ■Selectad  ^!|M  «t 

Thenodjmaie  nreijarbleay"  l&tional  Bareatt  of  Stawilardiy  Sorloa  IIX>  1950j« 


OlUcmce  Ehrvidaar  - 


Thtt  equAtloB  rslK.tlzis  .thft  Tftleeiij*  (24)  and  pressure  (£4)  c£ 
thft  gaft  ttm  the  driving. chaaifaftr  ftxpaBding;  frsa  the  pressure  F.*  it 
the  Initial  velocltj  of  sound  he  g,)  Ift 


• (2Aj/y  - 1)  Ql  - 

^ eattiilBg  e^  and  F4  W and  S^r  the-^—eek  eeleells  ea«  huEatisM^ 
pressure  graph  In  Fig*  5 is  ehtalnod*  Tta  npper  am  of  the  eurvele 
the  predicted  steady  state  detonation  velocity  as  a funetlea  of  burst* 
Isg  preasure  for  an  Ideal  shock  tube*  The  leuer  dotted  am  of  the 
eruve  zepreaents  eeaputed  velocities /for  a transition  ta  the  dotted 
am  ef  the  HE  eurvoy  Flg«  2*  Gas  on  this  am  of  the  BE  ouxrve  Is  in  an 
unstable  condition  In  that  the  velocity  S - X saperaonlo  and  a 
. shock  transition  to  the  upper  am  of  the  fifl  curve  Is  possible*  The 
transition  to  the  dotted  am  of  the  ourve  Is  lapessible  in  the  v»  Meu* 
xuum  desorlptlon  of  e detonation  In  vhlch  eembustien  Is  preceded  Igr  a 
shock  vave*  It  la  conceivable  If  the  combustion  Is  Initiated  by  the 
diffusion  of  free  radicals  ahead  of  the  shock  zone  and  takes  place  In 
thft  feu  mean  free  paths  that  constitute  the  shock  zone*  Vezy  hij^ 
velocities  for  rather  lov  bursting  pressuzea  are  possible  for  this  lyw 
pothetleal  ease* 

The  ocoputed  free  detonation  velocity  for  SO^a  sSO^CQi  at 
0.035  atn*  la  2.20  x Ij^  ciysoe*  The  veloci^  at  an  initial  preeaure 
of  1 atm.  is  2*33  x ICP  css/sec*^!  at  the  lover  pressurei  acre  enthalpy 
la  abserbad  In  dieseoiatlon  prooassos* 

The  expb.iaental  results  are  net  rultablo  lor  quantitative 
oeoparleon  vith  Fig*  3*  It  should  be  veaarked  heuevor  that  the  effect 
ef  a snail  aaeunt  of  Iodine  on  the  oaloulated  ourve  vould  be  quite 
saell* 


RESmS  Aim  DISCUSSICEf 

Succossfxil  detonations  occurred  vrith  bursting  pressure  ratios 
of  87  or  gwator,  but  did  not  occur  with  bursting  pressure  ratios  (B) 
belov  80.  The  theeretloal  B to  just  support  a free  detonation  la  35^ 
and  shock  tube  experience  Indicates  that  a pressure  £^*  10)C  higher 
might  actually  be  required*  Rresumably  the  fallui'e  to  obtain  deto^ 
nations  at  lov  B la  iMcause  the  shock  vave  resulting  vhen  the  sea* 
brane  breaks  la  too  veak  to  Initiate  coiabustloa*  The  calculated  tem* 
perature  for  B “ 85  for  a pure  shook  tube  experlmant  with  no  ecaibus- 
tlon  Is  1140®K,  It  tay  be  recalled  that  Fay  (4)  observed  the  surpris* 
Ingly  lev  shock  Igxiltlen  temperature  for  stolcbiometrlo  E^  of 
400^.  It  Is  not  possible  te  soy  vhlch  of  the  many  differences  be- 
tween the  tve  experiments  is  responsible  for  the  striking  difference 
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Fig*  3*  bursting  pressure  ratio*  g*  vs*  velocity*  S*  cb  seQ**| 
— — * ealcxilated  for  the  solid  am  of  the  KH  curve*  FigT  2}  - - . 
ealculatod  for  the  dotted  (unstable)  am  of  the  hH  curve*  Fig.  2}  0* 
ezperinentul  points*  stations  1-3*  Table  II» 


Fig,  3.  The  buTfltlng  pressure  rrtlo,  vs.  velocity,  oa  ieo"'| 

, colculatod  for  the  solid  arm  of  the  xiK  cui'vo,  Fig.  2)  - - - 
calculated  for  the  dotted  (unstable)  am  of  the  hB  curve,  Pig,  2|  0» 
ezperimentul  points , stations  Table  11* 
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ia-  MMlta*  0b»  j^^portuit  poMltlllty  is  that  iodista  added  la  Mr  - 
axparlaenta  Inhibit! 

2t  ir  tite  general  belief  tha^  It^  is.  difflcaH  tn  aalntain 
■tabla  free  detenatloni  at  Im  pressure!  • Mooradlan  and  Gerdbn  (5) 
report  atabia  free  detonation!  Initiated  by  shock  u&'tes  In  a 1*  ]^pe 
for  an  Initial  pretttore  of  0.125  ntn*  They  also  report  stable  det^ 
nations  In  lilO  2^«2ibl^>argea  at  1 ata*  pressure*  The  low  pressnre 
(O.Q97  star*  initial  prMSure>  detenatiaaa  anbiaeed  hare  axa  jgamapaMgL 
une  to  the  faot  that  the  detonatlone  vere  supportedv  and  Ind^  over* 
drlreat  so  that  quenching  by  the  rarefaction  vave  la  absentf  and  due 
to  the  large  tube  diameters  vhidi  deesphaslzes  attenuation  by  the 
vails* 

Thotoeleetrlo  aaasuremants  were  obtained  at  three  statlcma 
240  cm  (16  tube  dlaaetera),  260^  and  280  on  fron  the  neabrane*  Qbaer* 
eatlons  vere  Mide  vlth  ll^t  beaxu  defined  by  2*5  ea  by  1 sa  sllia*  . 
The  ooUlBatlon  vas  stMh  that  for  perfect  alignment  of  the  slits  and 
tubes  a 3 ma  length  of  the  tube  vas  observed  by  the  photoenultlplier 
for  U^t  absorp^ons  and  a 5 aa  length  for  light  emission*  A signal 
due  to  absorption  of  blue  green  11|^  at  station  1 vas  used  for  trig* 
goring  the  osoilloeeope  svoops*  light  absorptloa  aeamireccnta  «eir» 
aide  at  atatlon  tve  vlth  blue  greon  light  trm  a projection  lucp  pas* 
■ad  throu^  an  Interfarenoa  filter  vlth  a aaTiam  at  487  iQ  and  a 
half^vldth  of  8 Bsis  and  a transmission  of  the  order  of  l/aT*  IjC 
throuidi  the  rest  of  the  speotrua*  In  some  experlaents  a sharp  o«l 
Coming  filter  (Ho*  3385)  opaque  for  vaveleagths  lest  than  480  9 vas 
also  used*  In  others s tUs  cutoff  filter  vas  omitted  and  tte  IjQhi 
emission  by  the  detonations  vhieh  la  prlnolpally  blue  lights  «ss  supSb* 
imposed  on  the  ll|d>t  absorption  ehsnges*  light  output  of  blue  ll|h(t 
doming  filter  Bo*  5562)  vas  obaorved  at  station  3*  Tloe  Istervi^ 
betMeen  the  several  stations  vert  neasured  om  the  osolUoseope  traoea* 
In  seme  nsnts  "che  time  intsml  betveen  the  first  and  third  stations 
vas  also  nsarured  vlth  a Potter  1*6  fogaeyole  Counter  Chroaograph| 
these  rssultr  agreed  vlth  the  osoUlot^oope  nsasurswintSs 

Table  IZ  shovs  quantitative  date  for  most  of  the  experlmaats* 
The  photoeleetrle  signals  of  tranmlsslon  of  blue  green  11^  (Fig*  4} 
at  station  2 shov  that  (a)  for  typical  experlaentss  thsro  is  no  ob* 
served  eoDporeeslon  of  the  Iodines  but  that  It  disappears  directly  at 
the  shook  frontf  (b)  the  light  output  of  the  detonation  is  Qolnoldeai 
vlth  the  shook  front  vlthln  the  rise  time  of  either  signal  (2*3 
^seo*)*  The  ealoulated  shook  temperatures  before  efin^stion  CUs 
Table  11}  are  su^olently  high  so*  that  the  thermal  dlssoolatlon  of 
lodixte  (3)  Is  sufflolently  fast  to  account  for  (a}s  vithout  invoklnc 
an  Inoreased  rate  of  removal  of  Iodine  by  the  combustion  proeess  tse 
by  an  increased  rate  of  thermal  dlssoolatlon  due  to  oombustioa* 

Observation  (b)  Iss  ve  believes  the  most  Important  result  of 
this  Investigation*  The  reaction  sona  is  Isss  than  2*3  Asee*  or  4* 
6 SM*  thick* 
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Tig»  4*  08clllo£:ra|^  reo^a  of  photocuxxent  for  aoiae  eoparlBenta* 

4a j 2a f 9a  are  principally  light  absorption  records  at  station  2 for 
exptst  4f  2»  9 of  Table  II*  A»  Increase  (or  decrease  (9a))  of  li^bt 
upon  pas safe  of  the  sh^ck  front*  B»  timing  pulse  from  trigger  cir- 
cuit vhen  shock  passes  station  3*  The  aandges  are  cathode  glow  oa 
the  CRO  screen  and  ai'e  not  significant*  The  small  jips  are  10  useo 
timing  markers*  The  smooth  horizontal  traces  are  ^ther  voltage  cali- 
brations or  the  cm  rulings  on  the  CiiO  screen*  In  Aa*  the  light  filter 
uaa  the  487  m interfepance  filter  plus  tlie  3385  Corning  cut-off  fil- 
ter* The  ihcrease  in  light  at  the  shock  front  is  1*7  times  that  ex- 
pected for  complete  dissociation  of  the  I^t  the  additional  amount  be- 
ing due  to  light  emission*  In  2a»  the  <nit-Qff  filter  vaa  omitted^ 
permitting  more  transmission  of  blue  lifht*  The  increase  in  trane- 
mlssion  is  3*7  timas  that  expected  for  complete  dissociation  of  the  I^* 
4e;  29t  9e  are  li^t  erilssion  records  at  station  3 through  a Coming 
55^  blue  filter  (360-500  b^)*  The  slit  geometry  at  the  tvo  stations 
was  about  the  same,  but  the  photoelectric  sensitivity  at  station  3 
vas  adjusted  to  be  l/l^O  that  at  station  2* 
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iMOt  B 

I* 

(os^seo 

®»1 

3t  10"») 

eacp(-17»000/kl) 

L • 

I 

121 

2.13 

2.50 

2060 

1/62 

0.982 

2 

120*5 

2.55 

2.69 

2130 

J/54 

0.877 

3 

120 

2*52 

2.71 

0.989 

4 

98.9 

2«54 

2.72 

0«9Q2 

5 

98.0 

2.75 

3*44 

0.958 

6 

96.7 

2.91 

2.89 

2680 

1/U 

0.993 

7 

96.2 

2«95 

3.06 

2760 

1/22 

0.9617 

8 

91.4 

3*07 

3.54 

0.987 

9 

87.5 

J.6S 

3.71 

0.881 

g ■ burttting  presour*  ratiof  ■ ireleoitgr  between  stationa  ^ 
an!  J|  Ts  * coaputod  teaperature  bebiad  obook  for  welooit^  S)«t 
asBu&ng  no  ccobustlont  and  that  Cp  ■ 7/2  B»  L • sole  ratio  ok 
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* ftoftsMT  Ct  B.  Klatiakovalgrt  vhil^  rcfersalsg^  thl»  aftmi«eripfc»  hai 
%*gf  gMMMTou#}^  trsnnltted  the  follovlng  eoonmmieatloft  te-tu*  '^iaf 
tlM  atM^istioft  te^udqoB^  va  have  nov  obaerved  reaetion  aotM* 

(aa  laaaa  af  SstUi^  daaalty)  in  2B2-03  slxturea  at  proaatufaa 
froB  85  to  20  ■»  (with  aoaa  Xa  added  to  inoreaao  X-ray  abaorptlon)* 

Tht  vavaa  vero  not  ovardrlven  but  ateady  azid  of  normal  ^looity}  tha 
duration  of  the  reaetloa  taott  Yarlea  tr^  a couple  of  sdoroaeconda  at 
the  hl|;baat  to  20  naeo  at  tha  lowest  preaauret  ebanglw  roughly  at  / 
Vl^»  aaoMT  to  be  no  i nJactfeg  yorla^  • . • • r atcepeot  tBt^ 

tba  evardriYo  and  the  preaeaee  of  Iodine  suet  have  aoaahow  reduoad  tha 
duration  of  tha  aona  la  the  present  experiments}  or  that  the  light 
aalaalott  atarta  aa  aooa  as  reaction  start  a » not  vhea  it  eaaantlallgr/ 
cada»  and  than  eootiauaa*^  Theso  results  predict  that  tha  ttma  of  ^ 
paaoage  of  tha  raaotloa  aooa  at  tha  pressure  used  by  os  votild  ba  11 
useo.  for  a free  detonatioa*  The  aj^cacimate  calculations  presented 
rnrther  oa  in  the  proseat  pepor  predict  a differeaoe  of  a factor  of 
about  three  betMoea  a Area  detcaatioa  and  the  overdriven  detonations 
atudied  herot  ao  that  the  time  of  passage  of  the  reaction  aone  would 
be  niee««  vhloh  is  only  slightly  larger  than  the  upper  limit  esti-* 
fMt^  I7  ns«  Tha  posalble  explanations  proffered  by  CBS  for  any  suoh 
diffhraases  are  enlBently  reasoaabXe* 

Tha  aadsaiofii  as  observed  at  station  3»  oonslsts  prla* 
eipally  of  blue  light  and  is  a step  function  of  time*  There  is  no 
build-lip  of  the  Inmisosity  aor  is  there  a pesJc  doe  to  oheoilumines-* 
oanee  of  the  roaotioo  sons* 

Fig*  4o  is  an  atypical  reoozd  that  vas  obtained  only  once* 
Qto  sees  ocopression  of  the  iodine  followed  by  a long  delay  with  very 
little  dissoolatlon  (teraporature  below  1200*%}  foUcwed  by  a detona- 
tion Aront  idlioh  is  luaiaons  and  where  the  iodine  rapidly  disappears* 
Va  balleve  that  thia  is  due  to  delayed  igaltion  of  the  gas  behind  tha 
ahookf  so  thst  ths  purs  shook  (ao  oombustlon)  has  reached  tha  second 
light  station  before  the  detonation  catches  up  with  and  merges  with 
the  shook*  (The  recorded  velocities  for  this  experiment  are  not  sig- 
nifioant  bocause  of  unoartalaties  as  to  the  optical  signal  at  station 
I which  triggered  the  various  timing  oirouits*) 

&i  typical  experiments  Table  II  shows  that  the  shocks  are 
accelerating  as  they  proceed  downstream}  although  for  pure  shook 
waveSf  tha  velocities  are  quite  steady  (3)*  Furthermorei  the  vel- 
ooities  are  much  higher  than  the  theoretically  expected  value*  Uto- 
uaually  high  unsteady  velocities  at  the  inception  of  detonation  are 
ooaBbonly  observed  (6*7)*  Probably  In  all  of  our  exp^rimentSi  coot- 
bus  tioa  did  not  berln  Immediately  when  the  toembrane  broke  f but  was  de- 
layed until  the  at  ^k  propagated  some  distance  downstream*  Vhon  oobi- 
bustion  starts 9 an  unsteady  very  fast  detonation  moves  up  and  msrgen 
with  the  shook*  i longer  tube  than  vas  available  for  the  present 
investigation  would  bo  required  in  order  for  tha  steady  state  behav* 
ior  of  tha  syatem  to  be  established* 
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iirmwtng  tiUkt  tHa-  tteraga  no*  of  collisions  per  teor  per 
BolsooXs  at- room  tosipMratttf^o  at  1 ata*  pressure  is  10*  an  avera^ 
eocpresslon  factor  of  for  tha  reaotioa  aone  to  the  CJ  plax}e»  aud 
an  avengpe  teapaxatttra  ct  ca»  2700%  tha  obeerratico  that  the  reaettoQ 
soae  is  less  than  5 m thick  neane  that  the  reaetior.  is  conplete  .la 
less  than  9 x 10^  collisions*  Without  atteapting  a eooi^ta  aolutloa 
of  the  flaae  equations  (8)9  it  is  possible  te  &a£e  a rough  estiaate 
of  the  tiae  for  eonplete  eombustion  aa  foUows* 


thr  dtfVi'geiit  fn  res  fit  inn  aeheaa^ 


• isr 

(kcal) 


H ♦ Pa  . 

— ^ OS  ♦ 0 

17.0 

0 ♦ Ha  . 

— ^ OH  ♦ R 

3*0 

OB  't'  Ha  • 

— ^ ROB  « V 

-15.5 

At  the  teoparature  of  a detonatlonf  the  oonvontlonal  low  teDperatura 
cha'a  breaking  atept  R ^ Q^,  H0a»  la  not  of  ^rcat  iatportaaoa 

beca  ISO  of  the  Instabilitor  of  • T^ree  bodj  chain  teminatloai 
like^  H -f  H ♦ K — % Ha  ♦ Have  ^*e  of  the  ordor  (3)  of  lO"** 
aton* ' co^  sec**  | even  if  all  of  the  gas  were  dissoej-ntod  into  atoM 
or  radicals!  their  concentration  would  be  2 x 10^  eo**t  vid  the 
ha^  t'jae  for  recombination  of  the  order  of  1(PV(4  x 1(P*)  ■ 2*5  X 
10*^  sto«  or  2t5  r 10^  collisions  and  this  type  of  termination  would 
not  aff'ict  the  reaction  Idnetioa  very  much* 

'Isaetion  (l)  is  probably  the  slow  step  in  the  divergent 
chain*  Cm  can  therefore  treat  OH  and  0 as  intersodiates  poresent 
at  low  c<rnoentration  to  which  the  steady  state  approximation  applies 
and  consider  the  time  rate  of  change  of  the  hydrogen  atom  ooneentra<» 
tlon*  The  resulting  equation  la  fliHVdt  * 2 ^1(0^)!  and  the  solution 
for  constant  Jsi(Oa)  (H)  ■ (H)o  E^ch  chain  cycle  cre- 

ates two  H atoms  and  two  HGR  moleeulee*  In  the  final  mixture!  there 
are  moleoules/co*  If  (B)p  ■ 1 tXcan/eOf  the  time  required 

for  complete  reaction  is  18  x 2*3/];2^^(02)}  ■ 20  chain  cycles* 

Baldwin  and  Walsh  (9)  have  argued  that  at  520®C|  • 10**^ 

atom**  CO  aeo**!  although  Lewis  and  Vcn  SIbe  (lO)  reooemiend  k|  ■ 
10-17. 

The  value  10**^  equated  to  jn  exp  (-17»000/ftr)  gives  £ ap- 
proocisatoly  unity*  Referring  to  the  initial  temperature  of  the 
shocked  gas  (Table  II )*  the  Boltzmana  factor  for  ^i!  at  2060*  is 
1/62 f at  2700*  it  is  1/22 1 and  at  the  equilibrium  t'omporature  of  pg* 
3400*  it  is  l/10»  At  I58O*!  the  temperature  of  the  shocked!  uncosH- 
busted  gas  in  a free  detonation!  the  Boltzmann  factor  is  l/^O^*  The 
initial  rate  of  the  reaction  will  alvayv  be  the  alewest  ar«d  we  may 
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•stiMrt»  titcrcfona  ^ thiekneia  of  th«.  reaetia&;  soat  of  tho  order-  of. 

20  X 200  4000  colli etong  with  0^  siolceulos  for  c free  detonatioo  ^ 

and  20  z 60  1200  eoUiaiona  f or  aixu  of  tha  aupported  dotomtlona  ^ 

of  Table  ZI«  Thrnm.  osti&atar  are  eonaifftant  with  the  expartnasntal  'i 

obaarvatioa  that  the  reaction  sone  la  len  than  10^  total  coUiaiozii  | 
thick*  If  Py  the  aterlc  factor  for  reaction  (l)  vere  0*01  or  leaiy 
the  reaotion  aone  vould  probablgr  be  thick  e*:ongh  to  be  obaerved  la 
oar  ezperlBant*  Xadeedy  the  argusaanta  preaant^  above  indicate  that 
JCr~a  dhoreaM  hr  a fhetor  of  tea  2a  the  atnber  of  col2ta2oar  ^ 

■olved  eoold  be  aehievedy  the  atruetnre  of  the  reaetXon  xona  cohId  be  j 
obe'ervedy  at  leant  coareeljr*  j 

The  activation  mmrgy  of  17  keal  for  the  rate  determinlaf  I 
atep  (l)  aeana  that  thia  reaction  ooeui'S  at  only  a amll  fraction 
of  the  pertinent  coUiaiona  even  at  £2*  2000^  and  exolndea  tha 
pciaibllity  xaentioned  previoualj  of  tho  reaction  oeourring  ahead  of  | 
the  ahook  vaya  leading  to  a tranaition  to  the  louer  am  of  tha  KH  j 

curvae  . ‘ I 

Xt  la  of  intereat  to  maka  aooa  qually  oruda  ealoulationa  j 

abont  tha  duiln  atap*  iaaumo  that  it  ia  ^ 0^  * 20R*  j 

iraing  tha  approxlaata  rula  for  reaotlona  of  thia  type  that  tha  aett^ 
vatloa  onergy  in  tha  ozothamie  direction  la  0*25  tiisea  the  atsa  of  ] 
the  bend  enargleay  • Dg,  * DQji  •>  (V2}Doh  * kool*  Aaauaing  j 
a aterlo  factor  of  0*1  and  a rate  oonatant  10**^  ^ exp  (->70y000/^) 
atoan  00  aec*^  and  (Ra)  **  (Qa)  * 10^  y the  initial  rate  of  rroduoticn  ^ 
of  CB  radlcola  la  lO^®  cc*'  aeo"'  at  2000*  and  10^”  co'*'  aeo  ' at 
1580|  in  aaoh  case  the  rate  la  to  initiate  the  divergent  chain* 

The  relative  lapcrtanoe  of  chain  initiation  by  diffualon  of 
radieala  into  nnreaoted  gaa  ray  be  eatixoated  aa*  follcwe*  bet  ^ ba 
the  tbiekMaa  of  thp  reaction  eone  and  £o  tha  ooncentration  of  H 
atcoa  (the  scat  di^^iaible  apeolea}  at  equiUbrluny  and  J\  their  dif- 
fuoion  eoeffioient*  In  e system  of  coordinates  sitting  on  the  ahook 
vavey  the  number  of  B atooa  diffusing  upstream  across  any  plane  Inte 
unraaoted  ^as  is  £ £q/^«  The  volume  of  gas  floving  across  the  same 

la  the  compression  factor)  so  that  the  vol- 

uaa  rate  of  production  of  B atoosa  by  diffusion  is  (D  Cq  (V^/V*)* 
For  D ■ 5 oar  seo“'*  which  is  reasonable  for  expeiiiaont.  c » 10^*^ 
atoo7^»  and  ^ ■ 10^  cmy  this  is  10"  atom  cc"'  8ec"^»  10“*  - lO"' 
less  the  estimated  rate  of  initiation  by  chemical  reaction* 
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m MIXItfiBS  CF  CXANCGEN,  0000,  AND  MBWQHI 

B.M.  Peek  and  R.O.  Tbrap 
Lm  Alaiaoa  Scientific  laboratory 
Lot  Alaaoa,  Bev  Mexico 


JgrRfflypgPIOB 

Thla  paper  is  a report  of  experiaants  coaceming  tba  validity 
of  t2i0  Chapcan^oitguet  theory  4,^,6)  in  the  ease  of  mixtures  of 

cyaxko^enp  oxygen^  and  nitrogen^  There  are  several  reports  In  the 
literature  of  siieilar  eigperiicents  (6,7)$  but  due  to  experiaental  errors 
and  lack  of  sttfflcient  calculated  results  in  cost  of  then,  the  only 
effective  inveotlgation  of  the  experimental  and  theoretic^  probleins 
involved'  is  that  of  Kistlakovsky,  Knight,  and  ICilin  (KIQl)  (77.  The 
csthoda  ticed  here  ore  essentially  the  same  as  those  used  by  KXM,  but 
these  experlmsnts  cover  a vlder  range  of  compositions  and  the  cslcula** 
tlons  are  considerably  laore  extensive  than  theirs* 


The  detonation  velocities  have  been  esasured  in  tubes  of  tvo» 
three,  and  four  in.  l.d.  for  gaseous  mixtures  of  cyanogen  and  oxygen 
In  the  cos^sltlon  range  iO  to  ^5  zaole  ^ cyanogen  and  for  a gaseous 
mixture  of  cyanogen,  exygen,  and  nitrogen  of  coi::^osltlon  4o  mole  % 
cyanogen,  4o  sole  ^ oxygen,  «r)d  SO  mole  i»  nitrogen.  The  results  for 
mixtures  of  greater  tbnn  mole  ^ cyanogen  were  not  reproducible  and 
are  not  further  discussed  in  this  paper. 


These  experimental  results  are  compered  vl'^h  Chapm3ui-Jouguet 
values  eoisputed  on  an  International  Business  Kacblnes  Type-701  digital 
eo&puter  for  vhlch  the  problem  was  coded  by  one  of  the  axzthors  (ROT) 
using  standard  methods  developed  at  this  laboratory  .(8) 

EKFKRIKSinva  DETAILS 
A.  Preparation  of  Mixtures 

Oxygen  and  nitrogen  were  obtained  from  coamerclal  cylinders  after 
passage  through  Drierite  to  remove  water.  Mass  spectroiretrlc  analyses 
of  the  dried  gases  were  made  and  the  results  were  used  to  determine  the 
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f tzB^;  sLctur*  coapo&ltion.  Typical  analytlcau.  resulta  are  ae  foUowa: 
Oxygen  taiJt  99* & mole  ^ Og,  0.2  luole  f Aj  Sltrogea  tank  • 99*TBOlm 

^ ^2<  ^ 


Cyazkogeii  van  prepared  by  the  reaction  of  Cu’^  vi^  CR~  la 
concentrated  aq^ieous  solution  at  cdx3ut  50*C  and  0*5  atm.  i3ie  gaseous 
products  from  this  reaction  were  first  passed  through  a trap  at  0*0  to 
condense  some  of  the  water  vapor,  then  t}ut>ugh  a silver  nitrate  btihbler 
tm  rempfe  HOf,  tttrough  a second  CTC  trap  ta  reaova  xore  vater».  and. 
flarllj  throng  a three-ft.  long  coltmtn  of  Drierlte  to  remove  the  rest 
cf  the  water  before  being  condensed  in  a vessel  at  liquid  nitrogen 
temperature..  The  crude  product  was  twice  dletlUed  and  collected  at 
dry-ico  tes^rature  prior  to  the  final  distillation  and  collection  at 
liquid  nitrogen  tea^perature  in  a metal  storage  vessel  equipped  with  a 
high-pressure,  vacuun-tlght  valve  atA  pressure  gauge.  Periodic  mass 
spectro&strlc  analyses  indicated  run-to-run  purities  of  99*8  to  99*9 
mole  % C^l^.  The  rexealnlng  constituents  were  ECN  and  a small  amount 
c«f  water.  The  water  was  removed  prior  to  maklag  a mixture  by  passage 
through  m Drierlte  eolustn.  I7o  attexzpt  was  made  to  remove  the  small 
amount  of  BCff  present.  IRie  effects  of  this  Is^^lty  are  disoMsed 
heloir» 


Mintitres  of  the  gases  were  prepared  in  a vacuum-tight  system 
of  valves  and  copper  irabing  which  cotxnected  together  a vessel  of 
coastoat  but  unknown  voluaa;  a constant-dlsplaceaent,  variable-speed, 
rtclprocatlag  purp;  and  a aarcury  capillary  maaoaater.  In  preparing  a 
mixture,  cyanogen  was  admitted  to  the  vessel  of  volume  Vg  i 

pre88\ire  was  reached.  Than  by  s:anipulation  of  appropriate  valves, 
OQcygen  was  admitted  to  a pressure  Pa<i>b  under  conditions  that  insured  bo 
mass  flow  oxxt  of  the  system.  If  there  was  to  be  a third  cooponest,  it 
was  added  in  a sioHar  manner.  All  pressures  were  determined  to  0.0$ 
mo  Hg  by  cathetooeter  readings  of  the  capillary  canocster.  When  all 
the  0tfe8  had  been  admitted,  the  mixing  pump  was  turned  on  and  the 
gases  were  mixed  by  circulation  through  a closed  loop. 


The  ccmposltlon  of  the  mixture  was  determined  by  solving  the 
following  equations  for  and  tVl+B#  codified  rs  necescary  if  there  verm 
three  components t 


and 


P^Vc  - nA(OT  ♦ BaPa) 

^A+B^C  ■ ®A+b(®^  ®A+bPa+b)» 


(1) 

(2) 


where  nj^  is  the  nuaiber  of  moles  of  cyanogen  in  the  volume  Tq  at 
pressure  Pa  te&x>erature  T,  UA-fS  total  sx>le8  of  gas  adialtted 

to  the  system  at  pressure  FA+Br  Ba  and  3AfB  second  vlrlal 
coefficients  appropriate  to  cyanogen  axd  the  cyanogen-oxygen  mixture, 
respectively.  The  coxxiltlon  of  no  mass  flow  out  of  the  system  when 
introducing  the  gases  means  that  Ca  C5  ■ 


Pa  ^ ^A+B^  l.e.,  this  is  the  effect  of  gaseous  Isperfection  of 


the  mixture'."  The  ua  axid  ng  lead  to  cole  fractions  which  are  then 
corrected  for  the  deviations  from  IOC?#  purity  according  to  the  mass 
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of  this  bhe  values  for  vers 
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B.  Detonation  Tiihes,  Velocity  Measureoent^  and  Initiators 

DaWntilnn  tnhrs  odC.  SJSQ*  C***  0*01  in.) 

snstrueted  from  steel  tvbiaii  of  2/il  isw  valX  thlcknese.  "^Sm 


were  constructed  from  steel  tvblaii  of  2/^  isw  valX  thickness.  Zbs 
tubes  consisted  of  tvo  flanged  sections  bolted  together  and  Bade 
vacuurs-tight  by  using  Keoprene  *’0**  rings*  Tbs  initiator  vas  located 
at  one  end  oit  a 3-1/2  ft-long  section  and  the  other  3 ft-loog  eeetion 
vaa  used  as  the  velocity  neasuring  section.  The  detonation  tubes  could 
be  evacuated  and  filled  by  scans  of  copper  tubing  and  appropriate 
valves  attfliched  at  the  initiator  end.  The  tubes  vers  filled  by  seaas 
of  the  pucp  used  in  saking  the  gas  sixture.  The  final  pressure  vas 
adjusted  by  senlpulation  ot  appropriate  valves,  the  pressure  being 
determined  by  cathetoaeter  reading  of  the  oapiUary  nanometer. 

The  detonation  tubes  vere  located  in.  a building  eqjilpped  with 
heating  and  ventilation  ^ntrols  such  that  the  tube  tempere.tures  vere 
maintained  vithin  tvo  or  three  degrees  of  25*C.  The  time  betveen  shote. 
in  any  given  tube  vas  alvays  of  sufficient  duration  to  aUov  the  tubes 
to  cool  to  aablent  tesqperature* 

The  detonation  velocities  vere  meastired  by  ionlnation  gauges 
and  associated  electroi^c  equipment  similar  to  that  described  in  detail 
Vy  Knight  and  Duff  «(l0)  A gauge  consists  of  two  copper  vires,  0.080  in. 
i.d.,  inserted  into  a Teflon  plug  at  a separation  of  0.123  so  that 
the  ends  of  the  vires  are  flush  vith  the  end  of  the  plug.  Tho  Teflon 
plugs  vere  sachinsd  and  drilled,  using  an  appropriate  jig  to  ensure 
constant  plug  dintfinsicns  az2d  location  of  gauge  vires. 

The  gauges,  seven  per  tube,  vere  first  mounted  in  modified 
/mphenol  cozmectors  haying  an  appropriate  tongue  vhich  fixed  the 
orientation  of  the  Teflon  plug  in  the  coxmector.  The  mounted  gauges 
wore  inserted  into  holes  in  the  wall  of  the  measuring  section  of  the 
tube;  the  gauges  vere  fltish  with  the  inner  tube  vail  and  vere  made 
vacuum-tight  by  the  use  of  "0"  rings.  The  gauge -locating  holes  vere 
carefully  xsnehinsd  to  ensure  a snug  fit  of  the  plugs.  The  great  care 
taken  in  machining  the  gauges,  inserting  the  vires,  and  locating  the 
gauge  holes  results  in  a very  small  error  in  the  determination  of  gauge 
distances.  As  a result  of  several  neastnrements  using  a mieroiBster  and 
standard  dowel  pins,  the  gauge  distances  are  known  to  * 0.0C03  in.  The 
gauge  distances  vere  checked  from  tine  to  time  eui  the  tubes  vere  used 
in  making  shots. 

Across  each  gauge  there  is  a potential  difference  of  about 
200  V w'hicb  charges  a coxzdenser  in  each  gauge  circuit;  this  condenser 
discharges  as  the  detonation  wave  passes  the  gauge.  The  signal  from 
tlie  gauge  nearest  the  initiating  end  is  used  to  trigger  a Raster-type 
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ogcilloccga  ea  vbleh  tha  ramlnlng  six  stgnxls  ara  dtQlayad  aftar 
asq^Sfteattoa  arid  slaving.  Tba  signals  as  displayad  oa  tte  osoiUo* 
seopa  are  i^tographieally  recorded  on  Kodak  Siagla  Coated  X-^bj  ftlx 
vhl«:h  is  processed  aeeordlxig  to  tba  ossufaettavr's  x>ecoawn4atloBar 
The  tlaes  at  vhieb  gauges  **flred'*  are  detaxni&ed  bj  reading  these 
records.  The  average  detonation  velocity  is  then  cozqputed  as  the  slope 
of  the  least  squares  straight  line  through  the  tiias-dietance  points. 

Tar  a given  mixture  and  initial  pressure  the  average  detonation 
va’lnc.itlfs  fgaa  caeh..tnha  era  then  used  to.  compute  the. 
diameter  velocity  required  for  coaiparison  with  the  theoretical,  velua^ 
This  is  dona  by  miring  a least  sqtrires  straight  line-  ealculation  of  tha 
velocity  as  a ftmetion  of  the  reclprocsil  of  the  tube  diameter. 

The  probable  error  in  the  average  detonation  velocity  for  any 
shot  vas  easily  determined  from  the  results  of  the  least  squares 
calculation.  If  this  probable  error  exceeded  five  or  six  a/see^ 
the  shot  vas  repeated  using  a different  initiator.  It  vas  fouivi^  in 
this  vay,  that  the  nceu'ly  equlsolsr  cyanogea«oxygen  mixtures  vere 
adequately  initiated  by  a scall  exploding  wire.  As  the  initial  cyanogen 
concentration  decreased,  it  vas  necessary  to  use  sxaall  amounts  of  Pi!!IUj 
and  for  tha  veakeat  shots,  including  the  s^lxture  vith  added  nitrogen^ 
it  vas  necessary  to  add  a fev  gracs  of  tetryl. 

KXPianggnAL  hesuzos 

Table  Z au&sxrlxea  the  results  obtained  for  the  eyttnogen- 
Qxygen  xaixtures  • Table  IZ  contains  the  results  for  the  olxtixre 
containing  added  nltro'*  m.  The  error  quoted  is  the  probable  error  in 
the  slope  of  the  leas'*  sq^iares  stral{^t  line  throu^  the  tlce-diotanoe 
points.  Zh  coGiputlng  the  infinite "dlr.ra ter  velocities  for  one  atm 
Initial  pressure,  as  sho'm  in  Table  ZZZ,  snail  variations  in  initial 
pressure  and  ccc^sitlon  hcve  been  igoozed.  All  shots  vere  made  at  an 
Initial  tempera-ture  of  &5*C. 

There  are  several  sources  of  error  contributing  to  the 
uncertainties  in  the  Inflnite-dlacster  velocities.  First,  there  is 
the  error  of  0.001  in  the  cyanogen  stole  fraction  due  to  the  ECS 
laqmrity.  Sccoxsd,  there  is  the  effect  of  record-reading  errors;  this 
is  protobly  tha  largest  ea^^licsatal  error.  It  is,  however,  less  -tbsa 
four  svsec,  since  the  records  could  be  reed  to  at  least  0.2  ^sec. 

Eext,  there  is  an  effect  of  no  more  than  + 0.2  B^aec  ta  ^adi-vidual 
velocities  due  “to  gauge  dls-taace  errors.  'TPlnally,  the  velocity- 
reciprocal.  tube  disjseter  points  do  not  lie  exactly  on  a straight  I'tna 
as  assiBoed  in  making  the  extrapolation  to  the  Inflnlte-diaaster 
velocity.  This  leads  to  errors  vhich  are  scalier  for  acae  mixtures 
than  for  others  since  in  some  cases  several  shots  of  'the  same  mlxtuta 
vere  fired  at  the  same  tube  diameter.  The  combined  effect  of 
these  errors  la  an  uncertainty  oT  about  five  iVsec  in  'the  velocities 
gl'v'en  in  Table  III. 
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Kxperlaesrtal  Dgtoafttloa'  Ywlntrttitwii  xo  Cg^nofffn-O^yfp^n  Nixtui 


CkxBDOBition 

D.  Weae 

F^ata 

4 in. 

3 la. 

2 la. 

OA96 

0.503 

o.cm 

1.045 

2756.3fp«5 

OA96 

0.503 

0.001 

1.026 

275i,6fJ.6 

. 

sa 

0»50Q 

0.499 

0.001 

1.0011 

2746.5*1.2 

2752.3«2.S 

0.493 

0.501 

0.001 

1.0005 

2753.4+2.4 

2746.3*1.4 

0.499 

0.500 

0.001 

1.0011 

2745.^1.3 

0.499 

0.500 

0.001 

1.0003 

2740.3*1. 

0.499 

0.500 

0.001 

1.0000 

2742.7+1. 

0.499 

0.500 

0.001 

0.9985 

2743.1+1. 

a499 

0.500 

0.001 

l.OOOT 

» 

2742.3fl. 

OA99 

0.500 

0.001 

0.5046 

% 

2703.%2. 

0.499 

0.500 

0.001 

0.504o 

' 

2703.7*1. 

0.464 

0.515 

0.001 

0,9964 

2754.3*5.0 

2733.6f>. 

0.478 

0.521 

0.001 

1.0049 

2752.8<p.6 

2751.4*0,6 

0.451 

0.546 

0.001 

l.OOOl 

2687.5*2.1 

2660.140.6 

0.446 

0.551 

0.001 

1.0044 

2679.8+0.1 

0.446 

0.551 

C.OOl 

1.0005 

2676.3*0.0 

2668.0+1. 

0.401 

0.598 

0.001 

1.0008 

2496,lj<).3 

2492.0+0.3 

2462.0+0. 

0*352 

0.647 

0,001 

1.0002 

2366.^.2 

2361.1+0.3 

2356.3*0. 

0.301 

0.697 

0.002 

1.0008 

2251. 6fr 

2249.6+0.1 

2241.5+0. 

0.300 

0.693 

0.002 

1.0004 

2254.7+0.0 

2251,^.0 

2241. 9^. 

Siiperacrlpt  rero  rafera  always  to  the  initial  mixture  cosgposttloiu 
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Txmiu 

Dtttoflfttion  Teleoltlst  la  a CyBao|pBMk9Bext»Xltroe«a  Mlartvafa 


^.~b/««c' 


O.Uoi  0.400  0.19S  O.OQI  O.996S  264i.S1<>»4  263$.8|^.4  2631.64^.3 


4 la. 


3 la. 


2 la. 


TABLE  m. 


laflalte-Dimeter  PetOBatioa  Velocities 


^2 

X* 

D,  m/^oc 

0.499 

0.500 

0.001 

2766 

0.449 

0.550 

O.OQI 

2694 

0.401 

0.598 

0.001 

2511 

0.352 

0.647 

O.OGl 

2378 

0.3QL 

0.696 

0.001 

2263 

0.401* 

0.400 

O.OQI 

2650 

This  entry  refers  to  tho  alxtare  witb  added  nitrogen;  refer  to 
Table  ZX  for  composition  and  Initial  jaressure. 


The  final  result  for  the  equlcolnr  dxture  is  la  excellent 
agreesant  with  tbs  corresponding  data  of  KKZl*  Soveyerf  at  otter 
oo:::po8ltioa5  the  aqreecsnt  is  not  rery  fsoe^i  tbs  proeest  results  beinc. 
higher.  These  eiQ^eriBsnts  also  shoo  that  tha  detocatloa  Telocity  is  a 
gflxlgira  for  a Blxture  containing  ebp^49  cole  ^ rather  them  for  a 
50^  nurture  as  prerlonsly  supposed.'^'''  The  data^ox  Table  Z also  sbovi 
in  dlcogreeiseixt  vlth  the  results  of  K!Cl( ' that  the  effect  of  tube 
dla&eter  on  the  detonation  Telocity  is  pocuctlcally  Independent  of  the 
coaqposition. 


TSBORBnCAL  DEZAZIB 


In  calculating  the  theoretieal  results  the  product  gsses  are 
assuned  to  ba  ideal.  With  this  assvciption  the  Chapaon-Jouguet 
condition  (7)  the  Eugcnlot  equation  can  be  written  as  foUovat 


= 0 
V 


(3> 
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Sr  { + Sill 

Cftnil  a fi,T;  Cf  m 

4.  A h;(t.^^,  * ^ v>t  * so  , 

Ti  i 

iff  vhiA  F^sad  or  a2«  dlaenslonres*  f>inetlons  lUMf ul  in  efflciilAtlona  for 
nuBerieal  eoBvealence.  In  these  eqauitioaa  the  subscript  zero  refers  to 
the  Initial  state  of  the  unreacted  ej^losiTe  adjcture^  lack  of  siOtacrlpt 
refers  to  the  pcradcets  in  the  Chapman-Joufiuet  state*  V is  speeifio 
TOluBs*  T is  tsaaperature*  F is  pressure*  7 is  the  ratio  of  the  coastaat^ 
pressure  to  constant » voluae  beat  capacities  of  the  product  aixture* 
St?is  the  total  aoles  per  graa  of  reactant  Is  the  total  aoles  per 
ersa  for  the  prodocts*  ^ and  R2  are  the  gas  constant  in  units  of 
cal/snle/des  and  ee  ata^ole/deg*  respecti'veXy*  ^ 

of  fonatlon  in  units  of  cal/g  for  ths  esQplosive  aixture  at  teiaperature 
9c$  is  the  heat  of  fonsation  in  units  of  cal/aole  for  product 

oosmonent  ± at  teiaperature  Tn*  and  the  C^*8  are  aversgs  constant- 
pressure  heats  for  the  oirture  Mtveeff  teaperature  T or  and 

‘0*]L  The  eguatifio  for  the  Chnpsan-Jouguet  detonation  velocity*  D*  can 
be  comreniestlj  rewritten  in  diasnslonless  foom 

J. 

« (i-W 

Except  for  argon*  viiich  is  treated  as  an  inert*  the  n^  ere  to 
he  detendnad  by  solution  ^ the  various  equilibriun  conditions  end 
Mass  balnnce  relations  acong  the  assuzaed  product  eooponsnts.  Ihea^  if 
the  tecperatura  variations  of  enthalpy  and  beat  capacity  are  knovn  for 
these  eorponeots*  Equations  (3)  acd  (4)  can  be  solved*  using  the 
oasuasd  ideal  equation  of  state  of  the  product  mixture*  to  give  the 
valttss  of  T*  P*  axxl  V at  the  Chapman^^ouguet  plane.  The  detoaatioa 
velocity  is  then  coqputed  from  Eq\iation  ($)• 


The  velocity  compitted  under  the  as3V~Tption  of  an  ideal  product 
mixture  must  be  corrected  for  non>ldeality*  The  cozrectlon  used  here  is 
that  ixxlicated  by  Schnldt.(l2)  The  Abel  "co-voIuess"  for  these 
mixtures  are  approxljcated  from  the  ezopirically-determlned  Lennard-Jones 
"12-6”  potential  parameters  discussed  by  Beattie  and  StockiBayer.(l3) 

In  these  calculations  a total  of  eleven  product  components  is 
considered*  The  most  li>qx)rtant  equilibria  are  as  foUcvst 
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1/2  1^ 

Ct|t)4>2/8  C^  OO  (T) 

c(t)  ♦ 1/a  1^  5:S  Of  C») 

i/a  ^ a (9) 

1/2 1^  4- i/s  ip^v  Uiiir 

c(f)  ♦ ©a  5=i 

5±  <y\i 


Zt  !•  Bot  iBconeaivabla  that  ethar  raaotlona  Involvlag  aora 
eoqpLloatad  aolaeulM  siy  1m  UvortaaM.  IkMvmt,  tha  o&tly  reaetioa 
that  nwwfl  raaaonahLaj  i.a.,  ona  lavolvlag  cotaHA  not  ba  inrlurtafl 
Aua  to  a la$k  of  tha  aeoasaary  theraoAyaaln  data*  ^ 

for  tfcato  abctoras  tha  eq:allifarlum  paraihlaB  oaa  ha  radnoad  to 
<AfeA^n-i«g  tha  aoltctloa  of  two  aoa«ll&ear  eQ:uatioaa  in  two  aarlahZaaj 
thla  daaerlptleii  ia  also  approprlata  to  Ev^ationa  (3)  aad  (^)£  9m 
Bsthod  oBod  hara  was  a<agBBt*tad  to  the  authors  hy  ff.  V*  Voodv^)  of  this 
laboratory  sad  lo  dasnrihad  hriafly  la  the  Appaadls* 


Sothslvy  data  are  froa  tha  Bational  ftoaau  of  StanSards^ 
tahles(l5)  asoaipt  fcr.^  sM  C^.  Data  for  CB  ara  froai  tha  MvltB 
of  JohDstoOf  at  al.l^)  Data  for  vara  eoqpotad  hy  tha  authors 
using  tha  harsoolo-oeoillator,  rlgld^rotator  appreadflatlood  aad  syae^ 
troecoMo  data  asseariaed  hy  Cttrsherg.Cl'T)  Since  tha  data  of  tha  IBS 
tahlasVl^)  do  not  oxtaad  hayoal  9O00*Kf  tha  data  froa  3000*  to  5000*X. 
vara  used  to  aaka  least  sq^sras  q^latio  fits^  l.a., 

efpl-nt  = 4 4 bT+  eT*+  At’+  tAf  r ' („J 

and  these  fits  vara  extrapolated  to  tha  daairad  taaparatura  vhera 
necessary.  f ita  vara  cade  for  Cl  and  C^Bo  using  tha  data 

aautionad  which  vara  ^mllahle  froa  3000*  to  dOOO*K.  Tha  validity  of 
the  fits  aad  extrapolatioas  vos  checked  hy  coqparing  salacted  values 
vith  tha  hl|^  taBgparatura  values  csloulated  hy  Pickett  and  Cowan. 

The  erron  vara  never  greater  than  O.ljjl* 

¥h»ytMf»«  due  to  tha  rigid*rotator  approxinatioB  In 

calculating  the  data  for  tun  out  to  he  negllglhle  since^  for 
the  nixture  studied^  there  is  essentially  no  C2I2  ^ product 
alxtura. 
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= CfC-rti  +T^CfCT^  (fjin 

usiag  tbe  q^dakSs  flta  for  XqcuAtioo  (l4)  is  sxsot  if  ^(9)^ 

sad  its  tsapsxs.taaes  darlarstlTs  srs  kBom  sxsetly  st  ths  tsag^srsturs  of 
laitsxsat.  Siaos  tks  ^p(TU  fits  «srs  q^its  aaod«  it  sssead  Joatiflshl# 
to  ooqpute  tbs  toqpsrstttrs  deritstlTe  from  tbM9  fits  bjr  dtrsot^ 
diff srsBtlatlon*  Such  s proesdurs  hss  ths  sddtd  sdvsatsgs  of  req>iiriag 
only  QBS  fit  to  eoEsruts  two  quoixtitiss* 

This  aslhod  at  oslcuistlag  Cp(T)i  vaa  ehseksd  as  follows^ 

(1)  For  C>  Of  sad  iraluea  froa  Equation  Ilk)  vers  coaoparsd  vith  data 
ooapatad  hy  ths  sadhora  at  a fsv  tesoorattirea  uaiag  standard  proesduii^^ 
and  spectroeoiple  data  soBBariasd  by  ths  Saticnal  Bursau  of  Staxidards(i9)j 

(2)  For  02»  aoDd  CO,  valoss  froa  Equation  (IH^)  wars  eos^ared  vlth  dati 
eoegpatod  at  a fsv  teoperatursa  by  Fiekatt  and  Cotifan(20)f  and  Vood(2l)i 

(3)  For  C9f  TSloBS  froa  Equation  (li^)  wars  eoa^arsd  with  ths  data  of 
Joimatonf  st  al»(lSI  Ih  srsry  case  ths  diaaffrssvsnt  vaa  Isas  thsa 
0,3ft,  ths  largoat  srrors  bsinff  cosfinad  to- ths  sosjpoasnta  preasnt.  only 
In  scan  ai3wnts> 


Frss  soorgy  functions,  -(F*-b3)/7,  for  CX  are  taton  froa  ths 
data  of  JohnatoBf  (Tt  ^.(16);  data  for  C,  0,  N,  and  CeU^  vsrs  oosputsd 
by  ths  authors  froa  speetroseopie  data.  (17 >19)  For  all  other 
coaponsnta  ths  data  cf  the  SBS  tables  (l|^)  vers  used  m naks  cubio  fits 
In  In  (T/3000)  sad  thess  fits  vers  extxapplated  to  the  desired  teioipsrs- 
turs.  The  extrspolAtions  vers  obseksd  by  cocpcrison  vlth  ths  results 
of  Fiekstt  ond  Oosaa(l6)  sad  vere  found  to  bv  very  gpod. 

data  for  CR  axil  are  froa  Brever>  st  Bl»(22)f  ond 
Xhovlton  ssd  ftsoen(23)>  respectively;  data  for  I ai^O  vere  eoiQnited 
froa  dlssoolatlOB  energies,  coz^iied  by  Ecrzberg.(2t)  All  other 
dS^  values  are  coavuted  froa  tbe  data  listed  in  tbs  tables. (l3) 

Equilflarlua  constants  are  coiaputed  from  and  frev  energy 
data  in  ths  usual  vay.  For  cosaputing  convenience  the  squllibrixas 
eonatsxrts  vere  then  fitted  as  cuhics  in  T,  a separate  fit  being  used 
for  each  1000*  Interval  in  the  teisperature  range  30OO*  to  7COO*X« 

The  thenaodynamie  functions  pon^puted  by  ths  authors  are 
given  in  Table  XT.  Physical  constants  are  taken  froa  Herzberg.(2b} 

TBEOHBTICAL  RESUIffS 

Chi  relations  vers  sads  for  eyanogen«oxygen.  nirtures  in  ths 
eosposltion  ran^v  10  to  32  aols  ft  cyanogen  end  lor  a nixturs  of  cyano- 
gen, coyg^,  sxK.  adtrogen  containing  4o  cole  $ eyancgen,  kO  ools  > 
oxygen,  cuid  20  nolo  ^ nitrogen*  Table  V shows  the  computed  detonation 
propertlsB  for  ttie  alxtuies,  the  detonation  velocities  having  been 
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ccarrectcd  fgr  fliwonf  of  tbm  products.  7c^  eoarealsaot^ 

thsse  results  sre  csUied  *staadsrd*  r«salts»  Th5ls  dsslgmtlon  ’vUl 
seas  results  obtained  in  which  0^  for  lU  is.9»75^eir,  iO(2$*C)  for  d 
1»  kcal^sols»  and  tat  la  73;>6h>  koal/inljs.  fhs 

eospoted  equlUbrlVi  cosiposltlone  of  the^standard**^  product  slMurM 
ar«  givea  la  Table  VZ.  Table  VZZ  coo^pares  sota  of  the  ^standard* 
velocities  with  vr.lttes  ealeulated  by  changing  dS^(2S*C)  for  Cg^froa. 
73.6t  to  7?.8h  keal/aale  and  d^(&S*C)  for  d froaa  9^.6  to  S5JEntml4 


The  only  knova  error  la  the  oaloulated  residts^  aside  froa 
the  saall  errors  la  theraodyxaalo  data  and  the  Imperfection  correetlon, 
la  one  due  to  failiore  to  account  for  ECSf  in  the  eager laental  alxture; 
l.e.^  la  the  calculations  Ed  Is  assuaad  to  be  Apporozlaate 

calculations  show  that  the  effect  on  detonation  velocity  due  to  thla 
assuaptlon  la  to  deersase  the  calculated  vcltM  by  at  aost  0.2  m/Mtti 
therefore^  the  calculated  reeaita  are  q^ted  to  only  four  signlfioart 
figures. 

These  results  do  not  agree  with  the  data  calculated  by 
XKM  (t)  for  sintlar  alxturee.  Ttere  seesi  to  be  several  reasoxia  for  the 
discrepancies.  Probably  tha  aost  iBgortanb  one  la  failure  to  allow  for 
excited  electronic  levels  snd  aahancanlelty  In  esmpatlng  their  thenoo* 
dynsale  data  for  C,  0»  and  C3  at  teaperatures  above  9000*K.  Thslr 
results  also  contain  errors  associated  with  failure  to  attain 
convex'gence  of  the  nucerical  Iteratlcas  to  better  than  0.2JI  of  the 
te>q»ratuxe;  the  present  calculations  were  carried  out  to  a convergsnoe 
of  better  tlon  0.015(.  finally^  their  results  seen  to  hare  the  swoU 
errors  alaost  always  aode  when  doing  such  cosglicated  nnoftrlcal  calaop* 
latioas  enn  desk-type  calculator- 


DZSCQSSIOB  , 

. Zn  Taale  IZ  and  Figure  Z the  "standard?  velooltlea  are 
cosqAred  with  the  experlatental  results.  In  sons  coses  the  csJ.ctt2ated 
result  has  been  coeputed  froa  a four  or  five  point  lagranglan  Inter- 
polation of  the  results  given  In  Table  V, 

The  aost  Isgortant  question  to  be  considered  Is  whether  a 
conparlson  cf  theoretical  resiilts  demonstrates  the 

validity  of  the  Cbapeen-Jouguet  thecry.  According  to  a recently 
developed  theory  of  the  detailed  structure  of  the  detonation  vave(25)» 
It  is  necessary  to  consider  the  kinetic  details  of  the  detonation 
reaction  In  order  to  show  that  the  Chapean-Jouguet  state  la  the  state 
of  theraodynaalc  equillbrlua.  There  are  no  experlaftatal  data  on 
reaction  kinetics  at  these  detonation  tcBgeratures,  and  for  reactions 
«dilcb  might  be  iqpoirtanb  in  these  cases  there  seems  to  be  a dearth  of 
data  froa  which  to  aake  ever  order  of  aagnltude  approximatlone. 
Consequently,  It  does  not  seem  possible  at  the  present  time  to 
dcBonstrate  conclusively  that  theraodyxjomlc  equlllbrliua  Is  attained 
In  these  aixtures. 
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0.4995# 

oJ^m 

0.4^ 
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r asrc^ 
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Dg  of  Vg  * 7*373  6V|  &X1  other  data  aaixa 
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Calculated  Velocities  for  Various  Scats  of  yeonaatioa. 


Detonation  Velocity.  »/aec 


0.499 

0.449 

o.4<ft 

0.352 

0.301. 

0.401*^ 


2763 

2684 

2506 

2374 

2263 

2646 


2750^  2760° 

2671  2684 

2494  2507* 

2366  2374 

2256  2263 

2637  2M 

^ ^Standard*  results  la  thia  eoluon. 

^ "Stasdard"  except  dI$(25*C)  for  m 75.64  keal/aole. 

^ "Standard'^  except  dl$(25*C)  for  CJU  » 75*64  kcal/ksnle  and 
^2(25*C)  f or  CH  - ^.8  keal/nle. 

Thia  rov  refers  to  the  alxUire  vith  added  altrogea. 

TABLE  XZ.  gxpericgatol  vs  "Standard**  Calculated  Yeloeltiea. 


Diaagreeaent® 

0.499 

sjea 

2750 

-0.6j( 

0.449 

2694 

2671 

“O.Sjt 

0.401 

25U 

24^ 

-0.7^ 

0.352 

2378 

2369 

-0,56 

0.301 

0.401® 

2263 

2256 

-0.3Jt 

2650 

2637 

-0.5?t 

* This  colunn  coiipated  as  “ ^^tsul 


exp 

This  rov  refers  to  the  alxture  containing  added  aitrogea* 
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INITIAL  CYANOGEN  MOLE  FRACTION 


R.g.URE  \ 

EXPERIMENTAL  y#  STANDARD  CALCULATED  VELOCITIES 

t • tXMlkllCKNTAI.  0 • CALCVMnt 


Peek  axid  Tbrm;^ 


1 


Botrerrerv  it  is  possible  to  nake  at^  least  oas  intuitive 
srguaent*  This  arguaent  vas  suggested  by  Kiatiakovsky  (26).and  goee 
Bcoevbat  as  foUovs.  Within  a very  short  tiae  after  the  onset  of 
reaction  in  any  region  of  Interest  there  ore  relatively  large  eoncen* 
trations  of  free  radicals  fonBed.(6)  In  the  case  of  the  nearly  eq|ui» 
nolai  alxttarea  of  cyanogen  and  oxygen  the  latter  atagcs  of  the  oyer-all 
reaction  vould  involve  the  exothermic  recocibinatlon  of  these  free  ' 
radicals,  resulting  In  a certain  distribution  of,  say,  oxygen,  aoleeulaa 
I among  the  possible  energy  states.  If  theraodynaaic  equilibrium  vere 

[ not  attained,  a different  distribution  among  available  states  vould  be 

I expected  when  there  is  "excess"  oxygen  present,  as  in  the  case  of 

I mixtures  contalziisg  appreciably  less  than  50  mole  ^ cyanogen.  In  this 

case  the  latter  stages  of  the  over-all  reaction  vould  be  ccaposed  of 
processes  Involving  the  endotherxalc  heating  and  dissociation  of  the 
"excess"  oxygen  ("excess"  denoting  the  difference  in  concentrations  of 
oQcygen  and  cyanogen). . SlaUar  argvis^nta  should  apply  to  the  question 
of  thermodynamic  squiilbriua  in  the  case  of  the  mixture  containing 
added  nitrogen.  If  the  values  calpulated  by  assuming  thenaodynanrf.o 
equilibrium  ore  the  sacs,  or  very  nearly  the  aaas,  as  the  experiasentai 
velocities  over  a fairly  vide  range  of  coopositlcm,  this  is  evidence 
that  theroodynamic  equillbrlua  is  attained.. 

» 

On  the  basis  of  the  above  argument  and  the  agreexasot  demon- 
strated In  Table  ZX  it  seeiza  reasonable  to  assess  thermodyxmoic 
equilibrium  vaa  attaint  In  tha  mixtures  studied.  It  then  follovs 
that  the  thermodyniuBic  data  used  in'  the  computations  are  very  nearly 
coxrect,  and  It  is  of  interest  to  inquire  If  bettor  agreement  can  be 
attained  by  changing  eoce  of  tha  core  uncertain  data. 

There  ore  tvo  types  cf  change  vhich  icay  be  mode.  The  first 
is  to  change  thercodynomic  data  for  tha  reactants  and  the  second  is  to 
change  the  data  for  a particular  product  eoesponantCs).  Changoa  of  the 
forctr  type  vould  produce  on  effect  for  all  the  mixtxzres  vith  the 
magnitude  of  the  effect  depeixdlng  on  tha  ecr^sltion,  but  chants  of 
tbs  latter  type  vouM  effect  only  those  mixtures  in  vhich  there  is  an 
appi*ecla'ole  concentration  of  the  particular  corponsnt  in  the  product 
mixture. 

With  regard  to  changes  in  reactant  thermodynamle  data  the 
only  datum  subject  to  change,  vhich  also  produces  an  effect  of  the 
desired  sagzd.tude  vhen  changed,  is  £i^(25*C}  for  CgN^*  There  are 
three  quantities  in  doubt  in  t^  case  of  data  for  the  products;  namely, 
D3  for  K2  and  CO,  and  of  df.  Of  these  four  quantities  the 

dissociation  energies  are  limited  by  spectroscopic  evidence  (24,28)  to 
certain  veil -determined,  but  widely  separated,  values,  while  the  heats 
of  formation  are  subject  to  possible  errors  of  only  a few  kcal/mole. 


Tha  re8\ilt8  of  Table  VII  clearly  show  that  for  is 
9.756  «▼  '"ather  than  T.373‘ ev.  Although  there  is  still  some  contro- 
veray  over  tha  value  of  Dg  for  C0(24),  only  one  of  the  disputed 
values,  11.108  ev,  was  used  extensively  in  these  calculations. 
However,  in  a fev  cases  calculations  were  unde  using  the  value 
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er«  Bt  'titsae:  cans  tbe-  calculated  velocity  vas  levered  by  abeot 
tbe  sane  order  of  aagnltuda  as  wben  S8  for  1^  vas  lowered  te  7*375  OT« 
Goosequentlyy  Eg  for  CO  la  11.1C&  ev^ 

The  resxilts  in  the  third  velocity  colvam  of  Table  VZIZ  are 
ocagpared  with  the  experiagntal  results  in  Figure  U,  dearly^  the 
agreeaent  between  calculation  and  experiaient  is  better  in  this  ease 
than  when  the  cxperlaental  results  are  corqpared  vitb  the  "'standard'* 
calculated,  values^  This- better  asreexaent  is  an  isdleatlos^that 
d^(25*C)  of  CK((22}  and  are  perhaps  slightly  hi^er  than 

previously  suppoaed. 

Xn  aussary^  the  authors  believe  that  these  experiioents  have 
desonstrated  the  validity  at  the  Chayxan-^ouguet  theory  for  gaseous 
Blrtures  of  cyanogen*  oxygen*  and  nitrogen.  On  this  basis  the  agree* 
ment  between  calculated  and  ea^erirental  detonation  velocities  shows 
that  D§  for  is  9.756  ev  and  ^ for  CO  is  11.106  ev.  There  is  also 
sosa  evidence  indicating  that  /^(25*C}  of  CB  and  are  perhaps 
higher  than  previously  supposed. 

APPE3IDXX 

Let  the  two  non-linear  ^vo  variables  be  written 

as: 

f ■ f(a*o)  m 0 and  g ■ g(a*6}  ■ 0* 

and  suppose  that  these  equs^tions  nay  be  Inverted  to  the  fora: 

a <■  F(f  *g)  and  P «•  G(f*g)  » 

Let  the  solution  of  tbe  foraer  equations  be  (a^*6o)  exqxand  F and  0 
in  a Trylor's  series  about  that  point.  The  result  is  approxiaately* 


a « 0^  4 of  <*•  bg. 

» • 

(13) 

p - Po  ♦ ♦ ^'8# 

(16) 

where  a*  a'*  b*  and  b*  denote  tbe  partial  derivatives  of  F and  0 vj.th 
respect  to  a acd  0.  Equations  (l5)  and  (l6)  are  equations  of  planes* 
the  constants  of  which  can  be  detennined  by  cosiputlng  the  values  of 
f and  g for  each  of  three  valxxes  of  a and  The  only  constant  of 
interest  in  this  case  is  or  6o»  since  these  constants  can  then  be 
used  to  coapute  a new  f and  g and  this  process  can  be  repeated  xmtil 
the  equations  have  been  solved  to  the  desired  precisicn.  No  proofs 
of  conditions  for  convergence  of  this  Iteration  are  known  to  the 
authors*  but  Milne (27)  cites  possible  cases  to  be  avoided  in  a soae- 
what  slailar  oi^thod  for  one  non-linear  equation. 

Practical  expn*lence  with  this  method  shova  that  the  three 
Initial  guesses  for  a and  0 should  be  triangularly  spaced  about  the 
solution.  It  turns  out  that  if  good  initial  guesses  are  made  the 
confutation  of  the  detonation  properties  of  any  given  mixture  can  be 
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coa^pleted  o&  tbe  I£H  Type-701  soqnxter  in  20-  to  30^  laeoad^V  At  the 
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DETQKAIXai  Bi  GASS3  kt  UM  ISBSSUBI 


ArUmr  L»  B«nn«tt  and  Bemy  lf»  ItedUi 
ll«.  5..Bftsal.  Oardnano*  Teat  Statior 
Chine  Leke»  Celifoniia 


Prelladnexy  reaulta  of  en  inTesti^tlott  of  detonetion  In 
geaea  vara  reported  preTioualy  (!)•  The  2*5  oa  aq^oare  uaed  then 
waa  not  long  enoui^  to  Insure  stable  datonation  nor  uaa  It  feaslhle  tc 
provide  adepts  velocity  neasxiremont.  A new  tube  of  aluBiimn  hae 
been  oonstruoted  and  instrumanted.  The  behavior  of  detonation  in 
acatylene-oaQrgen  and  In  stoichiometrlo  hydrogsofcsgrgen  at  Initial 
preaaorea  do^  to  10  kb  Hg  la  reported  herein* 

The  driver  aeetion  of  the  tube  la  97  ea  long  and  12  on  in 
diameter*  a diaphragm  la  noxtaallj  uaed  to  laolate  thle  eeotlon  froa 
the  remainder  of  tho  tube*  The  flret  part  of  the  exparljoantal  eeqtloi 
la  215  on  long  and  12  cm  In  diameter*  A tvaneition  eeetion  46  on  loni 
provldea  a emooth  transition  to  the  final  I0-oa  square  section  1$3  on 
long*  TLls  section  has  a nuxnber  of  2*5-cm  windove  flush  with  the 
interior  aurfaoe*  Tbs  run  from  the  diaphra^a  to  the  window  uaed  for 
pbotoeleetrio  Bsaauremente  la  398  om  or  33  tube  dlanatere*  The  run  li 
the  square  section  alone  is  137  cm  or  13*7  times  the  tube  hei|^t. 

Valves  in  both  the  driver  section  and  eaqperimsntal  section 
lead  to  a diffusion  pump  for  evacuation*  Storage  tanks  are  uaed  for 
premixing  the  vaxloua  gases*  The  mixture  ratio  la  eatabllshed  by  the 
pressure  Increment  of  each  eomponent*  The  sdxture  is  allowed  to  stan 
at  least  12  hours  for  diffusion*  Control  of  the  mixture  ratio  la  run 
on  the  mass  spectrometer* 

Tho  position  of  the  detonation  fa  determined  by  eleven  ion- 
isation probes  along  the  top  of  the  tube  at  36  to  M on  intervale* 

The  probe  design  and  circuit  uaed  at  Los  Alamos  (2)  baa  been  modified 
^ suit  recording  ecjpiipoent.  The  probe  consists  of  a 1*5  acs 
nichrome  wire  surrounded  by  Teflon  4 in  diameter*  The  Teflon  end 
wire  are  pressed  tightly  into  a hole  in  a tube  wall  and  then  smoothed 
off  flush  with  the  interior  surface.  The  signal  pulse  created  by  the 
discharge  through  the  ionised  gas  of  a 100-;yif  capacitor  charged  to  a 
potential  from  to  450  volte  (depending  on  the  pressure)  is 
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tnmaaitM  throuch  4 gtmMntm  diodt  to  tho  eoazltl  oablo  oonnoctlnc 
an  proboa  W tho-  istpui  of  thr  Tiao  ^fttenral  Rocorder*.  Sbo  tina  ooa> 
otast  of  ibo  ^reuit  dopondo  e»  tfea  eoDdaetiTitj  of  tho  aad  aarloo 
from  0.1  00  tor  bi^or  initial  proaouroo  to  10  ;»  for  tho  Iwioot^ 

Tho  tiJM  ioalo  of  tho  Tlao  Intorval  Boeordor  {TIB)  io  pro- 
Tidod  bgr  a Toktronix  Tiao  Marie  Oonorator  (TMC)  oontrollk^  Iff  a !■  ifa- 
ojoLt  exTotal  oodllator  «hidi  fumlobas  palooo  from  1 jm  to  1 oocond 
•paeiac.  Tho  dnzatioii  of  tho  rooord  io  2000  yuo  at  1.5  ^^roe.  te 
Toktrooix  tppo  511  ooellloaoopoo,  oaeh  with  a 35  sa  otllX  oo..aoi^  aao 
«ood.  Tfa«  foepoor  exo  trifsoxod  altoniatoly  at  50  ^ IntoxvaZarB^ 
pulaoa  froa  tho  TMO.  Tho  aeopoo  aro  awtopinc  altomatelyf  bni  daric^ 
until  tho  firat  probo  algnal  ia  roeolrad  h^  tha  control  agwlpaont. 

This  aicnal  brl^tona  tha  boaa  of  tho  aetlva  ao^pa  ufaaraivor  tho  boaa 
is  at  th%t  inatant  and  thia  aeopo  continuaa  to  uxdto  far  a fall  avoap 
of  about  60  )iM»  it  50  ;ia  on  tho  TMO  tha  oaeonl  aeopo  alao  bagina  to 
avtap  proTluag  an  errarlap  la  tha  rooordiat* 

Both  aoopaa  raoerd  throo  algiala  nixad  In  tho  tn  mA  tod  to 
tha  Tortioal  dafleetioai  (a)  tha  probo  aigiala  (pooltivo);  (b)  TI0 
pulaea  at  I-  and  5-^  intarv^  (aogatiTo)i  and  (o)  a aa»tooth  ai^paal 
of  ZXO-pM  duration 'Vhidh  proTidaa  a Tortieal  diaplacaatat  of  ateut 
4 xa  botwoan  aueaeaaivo  Hm*  Tho  roIatlTO  tlxea  of  tho  probo  alf- 
aala  ara  read  bp  iatorpolation  batwaan  tha  1-po  aiaricorot 

ia  "ionisation  profile"  i/i  obtained  idtb  an  aaodliarp  osolX* 
leaeopOt  Tho  poaltiTo  aide  of  a 23-volt  battozy  io  ronnootod  to  tho 
probo  t^ugh  a 10  X roaiotori  tho  other  teminal  being  groundod  to 
tha  tuba,  Tho  probo  ia  connected  through  coaxial  eablo  to  cha  input 
of  tho  aoopa.  Tho  aoro  of  tha  aoopo  ia  act  at  the  top  lino  of  tho 
gratio\ilo  and  tha  aonaitivitgr  adjusted  so  that  shorting  tho  probo 
gives  a daflsetion  of  2 or  4 oa  aooording  to  tho  linear  range  of  tha 
aoopo.  Doflsction  of  l/4  the  proaot  dsflootion  correspoeda  W an 
intoraal  raaiatanoo  of  30|00(>  ohaa«  1/2  to  10,000,  and  3/4  to  3335* 


i "light  profile"  is  reeorded  with  a aoparato  oaeiUoscopo. 
Two  0.65HBBI  slits  2.5  cm  high  separated  17.5  ea  aro  aligned  porpsn- 
diottlar  to  tho  axis  of  the  tube  in  line  with  one  of  the  ulDdmcB.  The 


alita  all  dlreot  light  froa  the  tube  beyond  a width  of  1.2  wm 

at  the  distant  wall  of  tha  tubs,  and  bencs  the  tins  rsBolntlco  is 
0.5  jiseo  for  tha  slowest  dstonation  secorded.  Behind  tho  eocond  olit 
a 10-atagfl,  end-on,  S4  photomultiplier  type  6199  at  90  v/stage,  bat- 
tezy  powered,  is  used.  The  anode  resistor  of  1000  ohms  with  a short, 
low-cspaeity  coaxial  oablo  gives  a tine  resolution  of  0.1  pa  and  a 
good  eigial-to-noisa  ratio.  The  allt  lengths  were  adjusted  to  linit 
the  xaxlaua  current  to  4 xA* 

The  standard  operating  procedure  ia  to  eledn  the  tuba  of 
any  diaphraga  debris,  put  in  a new  dlaphrsffa,  and  pump  a vaenua  bolow 
25  winrona  Kg.  A le^  rate  of  10  microns  a minute  is  considorod 
satisfactory.  Tbs  two  sections  of  the  tube  are  flllod  In  tom,  tha 


1ft ^ ^ ■ 1^-  JT  M M • 


pX'MWB*  btlag  Twd  oa  a dial  inowatar  accurata  to  OJt  oa  Friar 
to  tlila  ttao  ooelllDscqiMa  haca  boaa  roadiad:  so  that  tha  tdbo  ta  flrod 
wlthiB  1 to  Z alBotoo  of  tho  ooaplotlon  of  flIXiiif* 

ppBmmriT.  bpolo 

Ttao  location  of  tho  probes  rolatlTo  to  tho  dlaphragi  io 
Cloia  la  Tiiblo  1.  Ttae  aeasured  detooatioo  roloeitloo  for  aeotFlano- 
.oigrsft^  prooontod  la  Tsblos  2 and  Only  ttao  aoamraiaanta  oror 
Zhttor  pari  of  tho  totao  aro  ylvoa  to  indleato  the  dagroo  of 
foraitj  of  ttao  velooitj.  Sons  rono  in  Table  2 were  aado  with  rod  oip 
tape  0.002-lxicta  thiok^  0.003-laeta  aeotato  £LIa  and  0.002-inob  ooppor 
foil  aa  Indloatod,  Bo  ai^prooloblo  offset  on  the  Toloolty  la  oTidaat 
at  tlo  usual  working  diataneo  froa  the  dlaphrogi*  Xt  vas  noted  that 
at  50  BO  initial  preaauro  the  Yolocity  at  tho  probes  near  the  loeatioc 
of  ttao  diaphraga  uoald  bo  above  3200  m/mc  without  the  diaphraga  and 
than  would  aettla  down  to  unifoni  velority.  Uitb  ttao  slp-tapo  dia- 
phrago,  howovoTi  the  run-up  to  detonatiou  was  aaooth  and  the  final 
uaifom  veloelty  was  present  at  the  first  intexval* 

Tho  ■eaouroBOiita  la  Table  3 wore  Bade  to  Invoatlgato  the 
of  foot  of  tho  transition  -fron  round  to  scpiaro  seotion.  The 
spark  plug  was  plaoed  at  the  end  of  the  square  sootion^  9t3  oa  from 
pro^  lli  and  tho  velooitj  mls  neaeured  la  t^  i^uitreaa  direction. 
There  appears  to  bs  no  signifioant  dlffsrsnos.  Ths  toxifonaitj  of  the 
Wlooitj  at  high  pressurs  indieatss  that  tha  nsaaurod  distances  and 
ths  tlning  are  highly  accurate. 

The  detonation  velocities  for  atoichiomatxla  hydrogen- 
osgrgen  are  given  in  Tablet  4 and  5.  The  Bean  veXocities  ara  plotted 
in  Figure  1.  The  velocity  ocaputed  by  Mooradlan  and  Gordon  (3)  ie 
shown  for  oompariaoB.  Good  agreeBont  of  the  observed  velooitiae  down 
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DIKEBSIQNS  OF  THE  TUBI 


SLcmeut 

mmSswm 

Elsfflant 

Distance 

CCa) 

Diaphraga 

Q 

7 

288.69 

Probe  1 

22.50 

8 

325.25 

2 

60.58 

9 

361.81 

3 

98.60 

10 

398.31 

k 

136.78 

11 

434.82 

5 

187.46 

£hd 

444.10 

6 

238.14 
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to  200  wm  InitSol  ye*9aw  la  cvldant»  fha  reloeltr  of  tha  ono  naft  at 
20‘m  ia  hijjjjlk  roSatito  to  tho  rvlacttiaa  for  30  to  20  wm»  la  thio  oaao 
tha  drivor  Ittttial  praaourr^.  40  an.  ^ anou^sb  ao  Uiab  tha- 

praoaora  behind  tha  datonatlon  la  2ii^a02  axeaad  tha  Chapaaa^ 

Joaftt  praaanra. 

Fiipira  2 (a)  la  tha  lisht  profile  for  400  wm  taken  at 

tha  aide  of  tho  taho  at  tha  aana  distaaoa  fron  tte  dlaphraga  aa  Probo 
10*  Flfttfo  2 (b)  la  taken  at  tha  aaaa  location  at  a aide  probe 
tarad  la  tha  alita  of  tha  photontiltipliar*  k conaldaiahla  dacrna  oC.. 
oerralatloir  2r  aotadf  oran  though  tha  probo  naasures  tho  condnotlTitx 
of  at  Boat  a fav  aminotara  of  tha  gaa  adjacent  to  tha  wall,  wbaraaa 
tha  photonultipliar  raoalTaa  light  fron  tha  full  lO-cn  depth  of  tha 
toba.  Tha  local  nature  of  tha  probe  naaauraaaat  ia  indloatad  bjr  tha 
iddar  fluotoatlon  of  tha  raeord« 


Tha  li^bt  and  probo  profilaa  at  50  m ^tial  praaaura  of 
2B2a02,  driven  by  detonation  of  50  sm  of  C2HL4O2,  flgnra  3 (a)  and 
3 th),  raapaetiv^,  show  a alailarity  to  those  of  higher  praaaxira* 

It  la  to  be  noted,  hbaovor,  that,  following  tha  InitS^  peak  and  a 
plateau  of  30  ;uoe,  there  is  a progressiva  Ineroaaa  In  Intanal^^ 
which  oontiauaa  for  the  whole  150  jiaao  raoerdad,  to  a valna  aqual  to 
or  azeaodiag  tho  isdtial  poalt« 

At  20  n initial  praaaura  of  2Sl2^  driven  hy  35  la  02H2v02t 
iUnatratad  by  Figure  4,  there  ia  aosa  flnotaation  la  intonalty  o^r 
about  50  peso  in  tha  £Lva  records  obtained*  In  aaoh,  taowavor,  tha 
Incraaso  in  intanaity  bogljaning  about  15  /laao  after  the  start  of  onia- 
sioo  leads  to  a value  greater  than  tha  initial  peak,  I50  to  170  ^ao» 

Figaro  > la  tha  record  obtained  at  10  an  initial  praaaiuro  of 

The  incraaso  in  ll|^t  after  tha 


2H2V/2  driven  by  40  an  of  (UU'fO^* 
firavpe^  ia  striking  in  tuJ  casa* 


Light  profilaa  of  longer  duratioo  have  not  aa  yet  been  taken. 
Tho  nany  ionisation  profilaa  taken  at  slower  recording  speed  indicate 
that  the  oonductlvlty  oeeura  In  a rather  broad  oaximuB  at 

about  200  nsao  after  the  first  signal.  No  aaxked  dependence  on  pres- 
sure of  tlie  Interval  to  caziaun  conductivity  la  evident  at  the  loca- 
tijoa  of  tho  window  near  the  end  of  the  tube. 


Ekaalnation  of  the  light  profiles  shows  that  the  duration  of 
the  rise  of  intensity  to  the  first  peak  becomes  progressively  longer 
aa  the  pressure  is  lowared.  The  mean  values  of  the  time  of  rise  area 
for  400  mn,  lass  than  1 psee  (l  run);  50  mm,  3/iaec  (2);  20  m, 

5 ^ec  (5);  and  10  mm,  7 /laeo  (1). 

DISCUSSIOH 


The  observed  increase  in  the  time  token  to  reach  tha  flret 
■miHHrtm  be  interpreted  to  be  the  duration  of  tho  reaction  so)ie» 
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Yhie  iatuppMtettea  ouet  b»  qualified^  hamf^r^,  tgr  th«  eeaiimi&g  ii>» 
ereeM  iA-eaie^ue  leeiiio^  mm  200  ^teee.  Sven  IT  thr  redietisft  im 
pnreljr  thexve^  tbe  lioareeM  In  inteneltor  foUowiig  the  flnt  peek 
Indlentes  an  inoreaee  in  tea^rature^  eontraxT’  tj  the  Chniiian  Irnicit 
■odel  of  the  detonation  phanoaena^  unleas  one  accepts  the  iiaterpret*-^ 
tion  ^at  the  reaction  aone  is  upwards  of  200  nseo  or  sons  50  ea  in 
extoae* 

y'  Our  present  interpretation  of  theee  datais  that,  even  after 

a nnt  of  aorr  30  d^jBMtere,  stable  dstonatietr  bar  not  baaa 
aehisTed*  Even  though  the  detonation  Telocities  show  little  varlatlea 
over  the  last  three  asaeured  intervals,  the  marked  irregularity  of  the 
/ ionisation  profiles  suggest  that  tbs  detonation  ia  not  a single  shodc 
foUowed  hy  ehemieal  reaction,  hut  rather  a aeries  of  ebooks  or  pres- 
sure ptulsss  overtaking  the  leading  ^ook  froe  tha  rear.  As  Brlnklsy 
and  Richardsoa  (4)  have  shown,  energy  relaesed  in  the  rarefeotioa 
wart  is  not  lost,  but  will  be  delivered,  at  laast  in  part,  iqpstreaB. 
Tha  average  velooity  will,  therefore,  be  reasonably  ooostant  even 
/ though  the  arrival  of  tha  pulses  siust  result  Invfluoiuations  of 

daratlon. 

Is  tbs  observed  turbulanoe  at  low  presaura  a ganaral  pha- 
no&enon  or  is  it  peculiar  to  tha  gacoetry  of  the  tube  used?  Ona 
should  oaqpsot  the  transition  fr«a  odrooliur  aeotion  to  square  aaetinn 
to  produce  lateral  ebooks,  sdld  beoauso  tha  naxlanns  angle  of  tha  wall 
relative  to  the  axis  is  about  ona  degree*  A number  of  nms  have  been 
Bade  to  investigate  this  point*  Figure  6 ie  a typical  records  (a)  is 
the  ionisation  profile  at  probe  29  ca  upatreaa  froa  the  beginning 
of  tbs  traneition  section.  Figure  6 (b)  ie  the  profile  at  probe  ?• 

28  ea  downstrsaa  froa  the  end  of  the  traiaition.  Figure  6 (o)  is  tha 
profile  at  tbe  ueual  aeasuring  location,  probe  10.  This  run  was  100 
sa  282402*  ^iven  by  150  sa  G2H2402.  Our  interpretation  of  the  group 
of  record  is  that  the  irregularities  smooth  out  in  the  oourse  of  tha 
rtm  through  tbe  tube  without  regard  to  the  goomatry.  Tha  Indioation 
is,  therefore,  that  the  turbulenee  is  not  peculair  to  this  tube,  boi 
that  detonation  initiated  by  the  technique  used  here  will  reqoin  a 
run  of  considerably  B»re  than  30  tube  diameters  to  become  stable. 
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Fig.  3 - (a)  Light  profile,  (b)  Ionization  profile.  50  mm  Hg  Initial 
pressure  of  2H2i02  detonated  by  50  mm  Hg  of 


I 


Pig.  6 - Ionization  profile  devolopnent  along  the  tuba, 

100  mm  Hg  2H2+O2  detomted  hy  150  mm  Hg  CpH^-fO^.  (a)  Froba  5 at  137  ca( 
^^n\^^dl^hragm,  (b)  Probe  7 at  239  cm,  (c;  Side  probe  at  393  cm  from 


1A7 


HSjLSDBZiasrrS  os  gaseous  ngrcwiTCOg  lATia 


J.  A.  Hiehialls,  fi»  B.  lt6»FlBOn,  B.  S.  Cullta 

/ ilTzntX  Fropuldota  Laboratory 

SosixiaarlBg  Jtoaaaroh  laatltuta 
UxilToralty  of  Idlohlgaik 
Aim  l^bWt  Uiohifaa.. 

Host  ojaalyaoM  of  datojaiatloa  daaorlba  the  pheaomanoa  la 
toma  of  tB*  dbaado  la  atate  ooadltlona  aoroaa  the  rave  iheraia 
BQsoBlot  ourraa  aro  utilized  (1).  Saab,  oa  approach  la  of  great  util;* 
ity  bnt  taada  to  obaeuro  the  dyncsio  proportloa  of  telooity  eid  heat 
releaae«  leeardlaglyt  it  ia  ealightenlsg  to  analyze  the  oquationa 
from  the  lattor  point  of  riav  and  then  to  trace  the  rarloua  poaaibla 
prooeeaea.  Oooplte  a nusber  of  aispXifying  aaaumptlona  rhioh  are 
aeoeaaary  to  do  thia  readily,  the  analyala  baa  a rery  definite 
quail tat ire  Talna, 

The  ayatea  io  be  eonaidered  ia  aa  ahovn  in  figure  1.  The 
detonation  eare  ia  treated  ao  a atandlng  ware  ao  that  the  unbumed 
mixture  ie  HoelBg  into  the  ware  front  at  relooity,  and  the  bunied 
product  a recede  froa  the  front  at  reloci  ty,  Ug*  Aoaumlzig  lean  fuel- 
air  mizturea  o ^ 


Figure  It  Beat  Addition  in  a Conotant  Area  Duct 

ao  that  the  preceaa  cay  be  treated  aa  an  air  cycle,  the  following 
equationa  for  ateady  one  dimensional  flow  in  a constant  area  tube 
may  be  written: 

Conaerratlon  of  Kaset 


Pi  \ •<“«  "e 


IAS 


Unclaaalfied 


Conserration  of  Kaoxsyt 

4 m 


Iquatlott  of  ataiot 

p • (4) 

iriioros 

P 3 ftotie  proisuro 
P • doaottr 
V 3 ToXoeity 
h ■ ontbilpp 
Q ■ belt  adiitlott 
T * statio  tespa?raturo 
B » goa  oonatant  for  air 

fbo  a^oatio&a  of  aaeo,  Dccatntua  and  atata  sap  than  bo 
ooQibl&ad  to  ylald  an  expresoion  for  the  final  t enperatura.  ibat  la: 

<2 

(BT^  + Wj^®)  . 


Aaeualns  a porfaet  gas  so  tbat  tbs  enthalplas  depend  on  teasperatora 
alona,  aquation  (8)  along  with  tbs  anerg7  aquation  ia  tuffioient  to 
ylald  a plot  of  the  final  state  of  the  Biixtura  as  a function  of  tba 
initial  conditions.  This  cuxtc  is  &oan  in  Jrigura  E abara  beat 
roloasa  is  plotted  against  raloeity  with  tenparature  aa  a paranatar. 

The  path  lines,  dsnot  et!  by  Tp,  represent  the  transient 
condition  of  tba  stream  as  beat  is  addM.  There  are,  of  course,  a 
number  of  tlBse  path  lines  but  for  purposes  of  dlsoussion  only  tvo 
arc  rbovn. 
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Unclassified 


an  also  a auabav  of  atatie  tenparatora  liitea  tmt 
only  ena  la  ^ow*  Qia  Una  of  ^ - 0 ra:pTa8ent8  the  looi  of  alL 
pointa  of  aoala  Taloalty  aa  haat  oasaot  ba  ad4od  to  a aoalo  atraas. 
aithoat  a raadjnataent  oT  tba  fIoa«  For  aaj  path  liaar  Moli  tte 
ttftaa  aboan  la  Flgvora  2,  oondltiona  %•  tha  laft  of  pointa  or  ft  art 
of  anbaoolo  rolooity  and  thoea  to  tha  rl^t  ara  anparaonio*  iha 
initial  oondltiona  of  tasiparatnra  and  raloolty  aatabliadi  tha  prooasa 
OB  a path  llna»  la  haat  la  addod  tha  proeaaa  foUoaa  this  path  Una 
and  ahathar  tha  talooity  ba  anbaonio  or  aaporaoniot  I^dat  addltlaa. 
oill  foxoa  tha  porooaaa  toaarda  aoalo  moeitr* 


ssrcmnn  pROOKsaM 

Tha  boat  ralaaaa  - Telocity  onrraa  ara  iaatraetlta  la 
daaoribing  tha  Tariona  iypoa  of  detonation  poadbla  (£)•  Conaidar 
a aOQbuatibla  solxtura  at  ca  initial  tcaporatoro,  and  of  ralooity, 
thia  aatabUahaa  tha  proeoaa  on  a path  lina,  any  at  point  a la 
Figure  2«  If  a oiieek  vara  ooonra,  tha  proeaaa  juepa  ndiobotioally  to 
poiat  b,  tha  anbaoaio  branch  of  tha  aarzo  path  lino*  Sappoca  that 
ohcaieal  rcaetloa  tohaa  plaoa  ihieft  jdalda  an  acotc^t  of  hooti 
TLa  prccoea  then  advaaoea  along  ^a  path  liaa  to  point  o chora 
^ « Qo  la  equal  to  ^ end  TTg  is  cabeonle*  Saab  a prooooa  io  entiraly 
poselbla  and  la  ordinarily  alaaaifiad  aa  a atrong  fiatonatien* 

Zf|  ia  tha  abOTO  eaea,  la  Juat  aqnal  to  tha  prooaaa 
will  tazalnata  at  point  g,  that  ia  the  ecobnetioa  produeta  dll  bo 
Boring  at  a Uaoh  nunbor  of  one  rolatlTt  to  tha  front.  iMa  la  tba 
Ghapaan-Jougaet  typo  of  datoxmtlon  and  la  ordiaorily  tha  typo  obaarrod. 

lha  third  poaaibility  for  thla  ohoeh  proceus  ia  that  Then 
ia  greater  than  Q. , cay  equal  to  Tho  i]:!plieation  of  haat 
addition  to  a conlo  streczi  requiraa  that  there  bo  e rcadjuatiaent  af 
tha  flov  and  hoee  an  nnateady  condition  exloto.  ainoe  no  eolntlen 
eon  exiot  boloo  tha  intorooetlon  of  tha  Unaa  Q ■ Qo  and  T * Tj^ 
roproeenta  tha  mlnlcon  rolooity  datooation  idiioh  will  eatlafy  tba 
bydrodynedo  equntlona.  ahia  adrtnoos  tha  prooaaa  froa  point  a to 
point  0 and  than  to  f and  h which  ia  again  the  Chapsan'^Fouguet  type 
of  detonation. 

The  third  type  of  detonation^  olaeslfled  on  the  Bugonlot 
Carre  aa  weak  detonation,  ia  deaoribed  aa  a euperconie  eonbnatioa  waro 
with  the  eoabuetlon  prodneta  also  xroring  cuporconlo  relotiro  to  tha 
front*  ft  proeoaa  of  this  type  could  be  rlaualizod  aa  bna  with  on 
initial  Btato  of  a and  a final  state  of  d*  Tow  tbara  are  two  pooeiblo 
xioehanioa  by  rhioh  tbia  final  condition  could  berattainod*  First 
there  could  be  a shock  to  point  b.  hfat  addition  to  o.  and  an  adia* 
batio  ju^p  to  d.  ihis  latter  path,  that  froa  b to  e to  d ia  knova'aa 
a xxtresg  deflagration*  Hovorer.  it  can  be  ohovm  tbat  suoh  a path 
Inrolres  a deoroaae  in  entropy  under  adiabatie  conditions  and  ia  thna 
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unolaasifiad 


vichAix^ 


ttael— 

lBp088ltl«t  Tha  reoalnixie^^  posalbllltx  1b  to  proe««&  directly 
pclat  A vitk  tho  atreea  ranaialair  fl^tparacoltt  throo^iottt  tho  hMt 
edditloo*  Is^  vtav^  of  tlia  proamt  knovladgo  of  - flava  It 

aoaBU  rmrf  udlikaly  th&t  this  Boehanlsa  could  btot  oeeor  thoogh^  iV  aoj 
ta  poaalblo  tmdor  othor  f ortto  of  aoargy  addition.  It  appoara  tlaoftt. 
titat  two  typoar  of  dotonatfon  ara  poaaibXa;  tbat  of  tbe  G&ajmatt-jooettat 
typo  or  a atrong  datonatloa.  Tha  lattar  baa  baan  OTidantly  ozpaxlmood^ 
bnt  only  aa  a tranalent  phancaanoa. 

Tha  abora  dlaeoaaion  la  prmlaaS  on  conditlona  of  ona  diaan^ 
atosaX  ataady  fXoo*  Aceordlngly.  It  cannot  aarra  to  explain  anal  vara 
atruetttroa  aa  ahoao  in  jrigura  S (teban  from  ref ersnea  3)  • Iba  pietnrac 
ahown  ara  of  two  aaparate  laan  bydrogan-oxygen  detonatlona  propagating 
to  tha  right  in  a § inch  by  3/8  inch  tuba.  Assuming  that  tha  wawao 
daralopad  idantioally,  it  ean  ba  saen  from  tha  similarity  of  tha  two 
photographs  that  thay  ara  about  160^  out  of  phase.  Vary  pooeibly  this 
is  a oaae  of  epinning  detonation  and  odloulation  of  the  pitch  agroos 
quits  wall  with  the  theory  or  jr.  A.  fay  (4J.  a1sO|  the  pitoh  la 
about  identical  to  tha  partmatar  of  the  tube,  rrea  the  photegmpha 
it  la  apparent  that  tha  aaaumption  of  ona  diaonaional  steady  flow  la 
not  antiraly  walid  and  tha  inatabilitiaa  ara  tlma  dapendant.  Baodlaaa 
to  say,  tha  ehwaleal  Xlnetioa  will  ba  alterad  by  ouoh  inatabilltiaw 
end  it  baaesaa  bard  to  aaparato  tha  cheaioal  acpecta  from  thw  hydre- 
dynamlca. 


CORCTT^Tma  8?  ECTOamCN  mOOITiKS 

Tha  heat  addition  - ▼elocity  eurra  haa  prorad  raluablw  in 
studying  qualitatlTaly  tha  phanoasnoa  of  detonatira  ccabuotion.  Bow* 
aver,  Ita  use  haa  been  raatriotod  to  an  air  eydla  and  oonaoquantly  doea 
not  allow  for  any  ahange  in  aolaoular  weight  across  tha  oombustloa 
front.  A Bora  rigorous  treatment  of  the  equations  with  appropriats 
simplifloationa  points  to  two  non-dimonaiostal  parametera;  nsnalj, 



0,1*1 

after  combustion  respaotlaaly,  C . ia  the  speoiflo  heat  at  constant 
praosura  for  tha  initial  mixture,  and  Mq  ia  tha  Uach  number  of  deton- 
ation. ouch  an  analysia  has  been  described  in  an  earlier  paper  iS) 
and  shall  not  be  repeated  hare.  Q la  tha  actual  energy  added  and 
should,  of  course,  allow  for  the  effect a of  diasooiation. 

xha  detonation  relooities  of  a number  of  gaaeoua  mixtiaras 
hawe  bean  measured  at  tha  aircraft  ii'ropulslon  Laboratory  and  reported 
earlier  (Si.  xbaaa  data  ware  reduced  to  tha  parameters  Bantiouad 
above  and  the  results  are  shown  in  figure  4.  Simplifieationa  on  tha 
chemical  aspect  a were  made  ao  as  to  permit  ready  calculation,  it  oan 
be  Seen  that  the  data  correlate  very  woll  although  tna  slope  differs 
from  that  of  the  theory,  a few  points  at  the  lower  itaoh  numbers  ara 


M^,  where  and  B2  are  tha  molecular  weights  before  end 
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Unelasaifled 


Uttglnwiftad  - 

BMsr.  ta  fall  off  of  tUd^  eunre.  Thoae  poi&ia  oorro^oad^  to: 

BOOT  tJw  lisdtv  oT  detonation  and  it  ia  highly  probable  titat  t:no  ftev 
waa  unatabla  whan  t&e  relooitjr  Boaaareaoate  were  effaoted* 


SPARC  scsujSBat  paaroGRAPHs 

A BOBhar  of  apart  aohllaren  photographa  of  datonatica  waraa 
hara  bean  obtained.  For  tha  noat  part  tha  ae  varaa  vara  tnitiatad  bs 
« maxSc  ia  a aaatangilnr  taba  of  ^ indt  hr  istb  tataniar  dfxaBafona. 

Tha  flrat  aariaa  of  piotnraa,  Aigura  B,  repreeo&t  a tine 
ac^anoa  ia  tha  initiation  of  detonation  in  a B0>  (by  yolimo)  aoetylaao* 
oxygon  mixture*  Aaeh  photograph  ia  for  a diffahont  dotonation*  but 
taken  at  a different  time  intaryal  from  tha  energization  of  tho 
Initiating  apovh*  ^igorea  6a*  Bb*  and  Be,  the  flame  front  vith  the 
preoading  ahook  vava  oen  be  aeon  propagating  along  the  tuba*  la 
figuraa  6d  and  Ba  tha  ehook  front  has  evidently  initiated  ooabuatioa. 
dlreotly  bdxind  it  and  la  nov  propagating  to  the  right  aa  a detonation* 
Tha  ganaretad  retonatlon  vava  haa  evidently  paaaod  through  the 
original  flame  front  and  haa  rafladted  from  the  oloeod  end  of  the  tuba 
aa  a ahoek  wave*  Zt  la  believed  that  tho  inclined  shook  eavoa  behind 
the  detonation  front  oan  be  attributed  to  the  spark  ignition  aa  ntna* 
eroua  photographa  of  ahook  initiated  detonatlone  do  not  eoea  to  ahov  thia 
phenomsnon*  nnothor  spark  ignited  detonation  la  shoim  in  Figure  6* 

Thia  is  of  a 50%  hydrogen-oxygen  detonation  and  vaa  effeeted  vith  a 
reotangular  tube  of  S-x  inohea  by  Inohea.  Again,  tha  trailing 
inollned  shooka  are  apparent* 

A aeoond  aerlea  of  pioturee  vere  token  of  a 50%  hydrog.  a- 
oxygen  detonation  paaoing  over  aa  inollned  vedge.  ihe  vedge  vam 
mounted  in  the  2-^  Inoh  by  B-t  inch  tube  euoh  that  the  bottom  corfaea 
vaa  parallel  to  and  ^ inoh  ahove  tho  lover  vail  of  tho  tuba*  In  thia 
vay  part  of  tha  detonation  could  traveree  the  lover  ohannel  and  eorva 
as  a time  referenoo  to  oloek  the  portion  of  the  irave  pasaing  over  tha 
upper  surface  of  the  vedge*  This*  of  oourse,  aesuaea  no  Isfluenoo  of 
the  ooUiaion  vith  the  vedge  on  the  oharaoteri  otio  Chepsan-Jouguat 
veloeity  of  detonation  for  that  mixture*  uhe  first  picture  of  this 
timo  ssquenoe  is  shovn  in  iriguro  7,  Ths  vavs  is  moving  to  the  ri^t 
and  it*  appears  ae  though  the  upper  portion  has  already  aeoelerated* 

The  ourved  ehoek  vhidi  interact  a vith  the  detonation  front  to  form  a 
triple  point  ie  originally  generated  froa  the  apex  of  the  vedge. 

The  reotangular  tfiape  near  the  leading  edge  of  the  vedge  and  the 
fuzzineee  along  th«  inclined  aurfacejare  due  to  r.’orks  on  the  glaea 
sides  of  the  tube*  At  later  timee*  figures  8 and  9,  the  upper 
portions  of  the  detonation  vave  are  aeon  to  ba  derinitely  oooalerat- 
ing  auay  from  tha  lover  Chapnan-Jcuguet  condition*  The  influence  of 
the  bubble  undoubtedly  accounts  for  the  excess  Chaps:an-7oaguet  volooity 
of  that  portion  of  tha  detonation  front  which  ia  perpendicular  to  the 
vedge*  Hovevsr,  it  is  difficult  to  understand  vhy  the  other  portion 
has  bean  accele^ted  as  It  has  tbooretloally  been  unaff acted  by  the 
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prM«&aa  cf  vedge.  other  photograpke^  aloxtg:  vitk  thoeft  ritomt- 
h4T«  esehled  th»  ▼erletion  of  reloolty  of  the  of  tho 

deteaetioft  fr<ai  elti^  tine  to  he  detemined*  'ilxie  ieroznatios  to: 
plotted  ift  Jfisere  l(i% 

Spark  Bohlleren  i^otogrephe  of^  TBr^Ls  hydrogen-oxygen  deton- 
ations have  been  obtained  and  ere  abovn  in  jrlgure  11*  ‘itie  volumstrio 
Bixtore  zetlo  is  indicated  under  eadh  pk  «ograpli»  In  the  case  of  I9»5jh 
detonation  the  InitlaL  front  has  paased^cait  of  the.  picture  to  the  right 
and  the  oonhustion  laga  eonsldarably  behind,  as  muOh  as  4 to  5 inehoe* 
A-s  the  mixture  is  enri^ed  this  ooabuation  lag  ie  notieably  ahortened 
until  the  eombuatiott  ia  erldently  initiated  iBmodiately  In  the  shook 
front  g.8  shoen  in  figure  ll-d«  ^ 

All  of  the  sehlieren  photographs  dioen  to  this  point  hava 
bssn  llaitad  to  one  per  detonation*  ihla  makae  it  extremely  difficult 
to  deteot  any  unateadlness  ia  the  propagation*  iiocordinglyt  «vo  spark 
gapa  vers  designed  and  fabricated  to  serve  as  light  sources  for  two 
saparata  aehlleran  ayatcas.  In  addition  an  adjustable  time  delay 
eas  Inoorporated  between  the  two  apark  gapa*  In  order  to  utillxe 
very  nail  delays,  it  was  naosaeary  to  overlap  the  two  sehlieren 
fields  of  tIsw*  Esnoo,  ths  two  optloal  paths  oroseed  at  the  teet 
seotion  of  the  tube  with  an  Ineluded  angle  of  about  7 decrees,  This 
leads  to  some  slight  disorepanoy  betwoon  two  pictures  of  the  snae 
wavs*  A few  of  these  dual  spark  photographs  were  obtained  on  lean 
hydrogen-oxygsn  aotonations  and  are  shotm  in  riguros  12,  13,  and  14* 

The  tics  delays  between  photogzraphs  in  the  figures  ars  7*0,  7*0  and 
8*0  mleroeoeonds  respeetively*  Apparently  there  is  a rotation  or 
osoiUation  taking  place*  The  marked  dlfferenoa  between  these  figxires 
auggeete  that  insuffiolent  tuba  length  was  used  to  inaure  that  Chapman- 
Jouguet  detonation  was  oatabli^ed.  It  is  planned  to  Isvestigets  this 
aspeot  further* 


AUKyOY?L)!.‘DG]!Ml!KT 


Sincere  appreciation  is  extended  to  rroject  Squid  which 
has  sponsored  a large  part  of  the  work  and  the  formulation  of  this 
paper*  borne  of  the  data  presented  was  obtained  enc.  reported  under 
an  earlier  Air  ^orce  contract  iReferenoes  2 and  3)* 
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Figure  U - Corral -ti on  of  Lieten-tion  Velocities 


Figure  13  - Hydrogan-Oxygea  OetQo<^tiaa« 
7.5  secs  Delay 


Figure  14  - lli'drog^tt'-Oxygen  Dotonution, 
8.0  secs  Delay* 
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STUDIES  Off  QASBOUB  DBTOXATIOff  12 


B.  Or«lferj  !•  C.  Qlbaon  and  C.  M.  Naaott 
U.  8.  Bure&u  of  Mlnaa 
Flttaturgh,  Pannsylvajila 


Introduetlon 

A pbotographla  inveatlsatlon  of  eoxcibustlon  vavea  in  gasea 
vaa  undertaken  to  obaerra  experiaentaUor  the  eonatltutlon  of  def la.- 
grationa  and  detonatlona  *.  Althou^  the  prinelplea  of  the  technlqiiea 
applied  were  not  nev,  the  careful  use  of  preclaion  optical  eoBQ;)o- 
uenta  produced  exceptionally  detailed  and  reveedlog  plcturea*  Pho- 
toQrapha  obta^ed  for  yorloua  alxturea  of  oxygen  vlth  hydrogen  and/ 
or  carbon  non^lde  aupport  many  of  the  ndhcepta  on  the  aechaniemi  of 
detoxmtlon  preaented  in  the  literature  and  permit  a choice  among 
aeveral  theorlea  of  detonation  vave  atructure* 

IxperljBontal  Procedure 

A dlegrea  of  the  laboratory  aet^np  la  ahovn  in  figure  1. 

The  exploalona  occurred  in  a eteel  tube  of  rectangular  croas  aectlon 
vlth  auitable  oboervatlon  porta  and  vore  photographed  by  the 
achlleren  technique.  The  eeaentlal  coisponenta  of  the  optlcail  ayatea. 
for  achlleren  photography  vere  a matched  pair  of  parabolic  reflee- 
tors  of  l6  Inchea  diameter  and  128  inches  focal  lengthy  a point 
source  of  light  at  the  focus  of  one  mirror,  a field  slit  at  the 
detonation  tube,  a knife  edge  at  the  focun  of  the  other  mirror,  and 
a rotating-nlrror  camera  immediately  behind  the  knife  edge.  With 
this  optical  ayaten,  density  gradients  vere  observed  readily  in  the 
detonation  tube  placed  in  the  light  path  betv^en  the  two  mirrors. 

As  the  resolution,  i.e.  the  ability  to  separate  the  fine  de- 
tail in  the  photographa,  depends  upon  the  degree  of  optical  perfect 
tlon,  the  fabrication  and  mounting  of  the  mirrors  vere  subject  to 
rigid  specifications.  The  mirrors  were  set  into  heavy  cast  iron 
movuits  vhieh  rested  on  concrete  pillars  that  passed  throu^  tha 
laboratory  floor  into  the  ground  beneath  the  building.  These  mounts 
were  massive  enough  to  sssxtre  vlbratlonless  support  for  the  mirrors. 
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yet  were  precise  enongfa-  to-  proving-  ml  frrnnifftfT  In 

three  planes,  for  focusln^^  and  aligning  the:  optical  systesu. 

The  rotating-mirror  camera  vaa  simple  in  dg»i£[rt  an*  gftwi* 
be  const rueteed  readily  fjnaar  commercially  available  materlalar. 
has  been  described  In  detail  elsewhere  (l}>  A steel  tube  of  reetajs* 
gular  cross  section,  one  inch  high  by  3/k  Inches  vide  and  7 feet 
long,  was  used  for  the  hydrogen--oxygen  work.  To  obtain  detonation 
with  carbon  monoxide,  it  vas  necessary  subsequently  to  add  enott^ 
hair- Inch  eqpper  tubing  to  Increase  tbe  oTer*-air  length  to  55^  fbef » ' 
This  change  of  size  and  shape  is  not  believed  to  have  any  signlfl- 
eant  effect  on  the  transition  from  deflagration  to  detonation,  be- 
cause this  transition  did  not  occur  until  the  cosibustlon  had  xnro- 
gressed  %rall  into  'Uie  rectangular  section* 

In  each  experiment,  the  tube  was  filled  with  a gas  mixture 
of  known  composition  which  was  ignited  at  the  open  erd  of  the  tube 
by  means  of  an  electric  spark.  Electronic  synchronization  activated 
the  schlieren  light  source  while  the  combustion  was  in  the  field  of 
▼lev  of  the  camera.  Each  print  was  moxinted  within  a coordinate  grid 
and  the  various  structural  features  were  measured  directly* 

gydrogen-Oxygen  Explosions 

Eigure  2 is  representative  of  tbe  photographs  obtained  for 
stoichiometric  mlxtiures  of  hydrogen  and  oxygen.  It  shows  a detona- 
tion wave  traveling  across  the  field  of  view  from  left  to  right  and 
a reflection  from  a comer  of  the  observation  window  which  projected 
slightly  into  the  path  of  the  combustion.  The  group  of  parallel 
lines  behind  tbe  shock  front  is  due  to  strains  in  the  glass  windows. 
Hote  that  the  group  is  reflected  elastically,  the  speed  remaining 
constant  at  31^  n/"*  This  is  to  be  compared  with  the  reflected 
shock  lii  the  gas  which  has  decelerated  from  31^0  m/s  to  13^0  m/s. 

An  important  feature  which  may  be  observed  in  this  hydro- 
gen-oxygen photograph  (figure  2)  is  the  appearance  of  striations 
with  a positive  slc^e.  These  striations  indicate  the  presence  of  a 
disturbance  traveling  600  m/s  in  a direction  opposite  to  the  move- 
ment of  the  detonation  and  will  be  referred  to  as  "retrograde  strl- 
ations”.  It  has  been  suggested  (2)  that  these  retrograde  striations 
are  evidence  of  periodic  velocity  change  of  the  detonation  front  or 
of  spinning  detcnatloa.  This  appears  to  be  the  first  time  that  ouch 
a phenomenon  has  been  observed  for  stolchlcmetrtc  mixtures  of  hydro- 
gen and  oxygen  (3)*  The  period  of  occurrence  of  the  retrograde 
striations  in  hydrogen- oxygen  detonations  is  0.4  microsecond,  cor- 
responding to  a recurrence  frequency  of  2.5  megacycles. 

Carbon  Monoxide-Oxygen  Explosions 

In  the  case  of  carbon  monoxidc-oxjgen  mixtures,  it  was 
possible  to  adjust  the  experimental  conditions  uo  as  to  obtain 
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Figure  2 - Streak  Sc.hliorcr  Hiotograph'  of  Detonation  in  a Mixture 
of  70.i  Hydrogen,  2&%  Oxygen,  2;^  Inert  Gas,  Observe  the  retrograde 
striae,  the  etrains  in  the  glass  windoi/s  of  the  detonation  tube, 
and  the  reflect iorus  off  the  end  of  the  observation  section# 
hoid-zontal  scale  division  equals  7.C6  mai,  and  each  vertical  divi- 
sion 1#41  'nicro  seconds  » 
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^ ) photographs  of  deflagration  and  detonation  and.  In  a fev  cases,  of 

the-  transition  froiA.  one  to  the  other.  Figure  3 is  o ph^o- 

gngitt  of  a carbon  nonoitlde-oxygen  deflagration  and  figure  h shows  a 
sinilar  deflagration  ^ust  before  the  transition  to  detonation* 

Figure  y Is  a lino  drawing  of  tbe  featiures  of  a deflagration  to  ^ 
coo^ared  with  figures  3 A»d  k.  The  transition  from  deflagration  to 
detonation  is  photographed  In  figure  6 euid  shown  diagrasmitlcslly  in 
figure  T«. 

One  feature  at  conaidenble  inttfreah  la-  tha  pronfuaaead.- 
iMviirg  or  "cusps**  shown  in  figure  5*  These  axe  prominent  in  figiire 
3,  discernible  by  careful  scrutiny  in  figure  4,  and  visible  in  the 
deflagration  region  of  figure  6.  These  cusps  are  located  iarfledl- 
ately  behind  the  shock  wave,  well  Inside  the  reaction  aone.  The 
peaks  of  the  cusps  fall  h to  7 mm.  behind  the  shock  wave  in  the 
tube.  This  distance  may  be  coagjared  with  the  thickness  of  the 
shock  (0.8  mm.)  and  the  25-to-50  ma.  average  thickness  of  the  entire 
reaction  zone.  It  is  possible  that  the  peaks  of  these  cusps  repre- 
sent sites  of  energy  release  in  the  chemical  reactions  which  trail 
the  shock  wave.  Such  sites  of  energy  release  would  form  a cusp- 
shiqEX^  pattern  on  a streak  photograph.  It  has  been  predicted  (4) 
tiiat  a flame  front  might,  be  overtaken  from  the  rear  by  weak  cra^res- 
vaves  and  thus  be  accelerated  discontinuously . Sighting  along 
the  line  of  the  shock  front  in  figure  4,  we  see  that  wherever  such 
a pressure  wave  strikes  the  shock  front  from  behind  there  is  such 
( an  increase  of  flame  velocity.  This  is  pictorial  conflpnatlon  of 

the  above  prediction* 

Figures  6 and  T show  a deflagration  becoming  a detonation. 
The  deflagration  wave  changes  suddenly  to  a detonation  at  point  T, 
the  transition  point,  and  a rearward-traveling  wave,  the  retonatloa 
wave,  marks  the  sudden  release  of  energy . The  fact  that  point  T 
(figure  7)  Is  not  on  a linear  extension  of  the  deflagration  shock. 
;fji-ont  may  be  due  to  the  initiation  of  detonation  above  or  below  the 
slit  and  off  center  in  the  txibe.  Other  photographs  have  located  T 
ri^t  in  line  with  S.  The  close  resemblance  between  the  shape  of  T 
and  the  shape  of  the  cusps  is  to  be  noted. 

Figure  8 is  a photograph  of  detonation  in  carbon  monoxide 
and  oxygen  immediately  after  the  transition  point  T;  figure  9 shows 
a detonation  at  a somewhat  later  time.  The  co-linearity  of  the 
shock  front  in  the  luminous  and  schlleren  photographs  nay  be  noted 
(figure  8),  although  the  signiflcEince  of  this  co-linearity  is  dimmed 
somewhat  by  the  consideration  that  there  Is  a definite  parallax  be- 
tween a two-mirror  system  (schlleren)  and  a one-mirror  simple  re- 
flection (luminosity). 

The  arcs  between  the  detonation  and  retonabion  waves  in 
figure  8 are  due  to  multiple  reflections  of  pressure  waves  from  the 
walla  of  the  detonation  tube.  The  last  of  these  arcs  are  atlU 
/ visible  in  figure  9.  These  pressure  waves  originate  at  the  moment 
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Figure  3 - Streak  Schlieren  Photograph  of  Deflagratla^i  in  a 
lilxture  uf;  64«1^  Carbon  tionoxlds,  30. 5^  Osygon,  2.235  Hydrogen, 
3.2)£  Uolsture  and  Inert  Gases.  Note  cusps  Imnsdiately  behind 
the  shock.  Each  horizontal  scale  division  equals  7.06  oilll- 
notora,  and  each  vortical  division  is  2.82  microseconds. 
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Figure  4 - Streak  Schliaron  Photograph  of  Deflagration  in  a 
Mixture  of;  47. 4/S  Carbon  Monoxide,  49. 1,^  Oxygon,  l.ljS 
Hydrogen,  2,4^  Moisture  and  Inert  Gases,  Note  Hcceloration  of 
shock  front  by  support  of  pressure  waves  from  behind.  Each 
scale  diviaioa  is  7.06  millimeters  horizontally,  and  2.812. 
microseconds  vertically. 
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Figure  6 - Streak  Schlicrez  Photograph  of  the  Transition  fronj 
DefD^gration  to  Detonation  in  a ?.ixturo  Containing  64,5;^  Carbon 
k'onoxide,  31.6^  Oxygen,  l.ni  Hydrogen,  2.5!a  Moisture  and  Inert 
Gases,  Each  horizontal  sc-le  division  equcj.3  7,06  mm,  und  each 
vertical  ac*U.o  division  ?.,£2  .'cicrosoconds. 
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Figure  7 - Jjaitiatlon  or  Detonation  In  a OO-O2  Explosion 

A - Cofflbufftlon  wave  reaction  sons 
G - Shocks  ' n glass  vdndowa 
T - Transition  point 
P - Particle  p iths 
3 - Shock  in  gas 

D - Detonation  front  (shodc  front) 

K > Horizontal  strlaa 
R - Retrograde  stria* 
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ro  8 - Streak  Schlieren  Photo^iraph  of  Initiation  of  Detorut; 
liixture  Contai.ning  72.2%  Carbon  Lfonoxide,  21.6;^  Osygen,  li 
ogon,  5.1^  ibisturo  and  Inert  Gases.  Note  reton^tion  wave, 
ogrado  striae,  partj.cle  paths,  and  arc-shaped  foci  caused  bj 
Lple  reflection  of  the  pressure  waves  inside  the  detonation 
. Each  scale  division  equals  7.06  rjn  horizontally,  2*82 
saecooda  vertically. 
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Figure  9 - Streak  Schliaron  Photograph  of  Dotonx^tioii  in  a tlxture 
Containing  69,B%  Carbon  Llonoxlde,  25.8^  Oxygon,  1.9^  Hydrogon, 

Ifoisturv^  and  Znort  Gases,  Note  horizontal  striao,  rotrcgrade 
atrlae,  periodic  yelocity  change  of  flujne  front,  and  foci  due  to 
,^tiplo  reflections  of  pressure  waves  inside  the  detonation  tulo. 
iach  horizontal  scale  division  equals  7.06  milliiuaters,  each 
vertical  division  2.82  odcroseconds , 
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of  transition  T (figure  7)  the  frequency  oT  the  reverheratloa  as 
shova  on  the  photographs  is  sonic  emd  elates  to^  the  physical  dlmen- 
siooa  of  'tixe  tube* 

The  retrograde  otria^xOns  are  clearly  vfsfhls  In  alt  tits 
carbon  aonoxlde-oxygen  photogV  .phs.  They  are  indicated  by  R la 

figure  7 &nd  are  easily  seen  in  figures  8 and  9* 

/ 

A.  detailed.  of  f igiire  9 ahoua  that  the  detona- 

tion front  cons  lata  of  a sBOoth  featureless  black  line — ^the  shock— > 
foULoved  closely  by  a zone  of  optical  gradients  vrhlch  approaches  and 
recedes  cyclically  from  this  shock.  One  retrograde  strlatlon  is 
formed  during  each  cycle  and  direct  measurements  on  the  photographs 
indicate  a recurrence  frequency  of  the  order  of  one  megacycle.  This 
frequency  seems  too  high  for  any  kind  of  mechanical  spinning  phe- 
nomenon in  the  gasesj  suggesting  that  the  concept  of  periodic  ve- 
locity change  developed  by  Becker  (5)  Levis  and  von  Elbe  (6^ 

■ay  apply  berev 

It  is  planned  in  the  near  future  to  siqpplement  the  present 
photographs  by  end-oa  pictixres  of  detonations  to  be  used  In  de- 
terxalning  whether  the  analysis  developed  by  Smith  and  Sprenger  (7j 
for  rocket  coaibustlon  Is  applicable  to  the  gaseous  systems  con- 
sidered bers. 
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ZSTRODXTZOS 

Rapid  condanaation  of  gaa  oonstituenta  in  suparsonio  nozala 
flow  leada  to  shock-lika  phenomena  whioh  have  been  known  for  aoiao 
tine  (1,9)  and  have  bean  discuased  by  various  authors,  ^e  exo* 
thanio  obaraoter  of  theae  proceasea  placna  them  in  oloso  relation 
to  flow  proceasea  involving  chemical  reactions.  This  relation- 
ship  has  been  stated  speculatively  by  J.  U.  Bui^era  (2)  and  has 
been  touched  on  more  recently  by  K*  OsT.-atitisoh  (3);  however,  a 
detailed  treatment  of  these  rapid  condensation  phenomena  from  this 
standpoint  haa  not  appeared  in  the  literature.  Some  steps  towards 
such  a treatment  are  taken  in  the  present  paper  by  describing  the 
place  the  irreversible  condensations  occupy  vrithin  the  general 
framework  of  flow  discontinuities  induced  by  exothermic  processes. 
Such, a place  exists  because  the  laws  of  conservation  of  mass, 
momentum,  and  energy  are  the  foundation  of  the  treatment  of  all 
these  flow  discontinuities.  It  then  becomes  apparent  that  irre- 
versible condensation  procossea  in  supersonic  flow  are  formally 
identical  with  weak  detonations  and  may  be  viewed  as  examplea  of 
such.  We  call  them  here  "weak  condensation  detonations.* 

Chemical  weak  detonation  fronts  have  never  been  definitely 
observed  (4)«  Theoi*etically,  this  gap  in  available  experience  is 
commonly  linked  to  the  initiation  process  (5,13)«  More  recently, 
however,  the  possible  existence  of  three-dimensional  weak  det- 
onations has  been  demonstrated  by  G.  I.  Taylor  (6)  and  of  one- 
dimensional  detonations  by  K,  0,  Fidodrichs  (7).  Taylor  gives 
no  hint  as  to  the  physical  conditions  under  which  his  solution 
might  be  realized;  Filedrichs,  however,  does  discuss  the  exist- 
ence problem,  linking  it  with  the  boliavior  of  chemical  reaction 
rates. 


In  the  following  we  present,  first,  a discussion  of  the  noraal 
condensation  shocks  in  a steady  supersonic  air  stream  containing 


R«ed  and 


• 8B.,U  portion  of  water  vapor*  Thia  omblas  a*,  comparison  to  ba 
na<Ja  with  th&  standard  treatment  of  steady  detonation  tbsoryr 
Itejcti  the  oass  of  rapid  condensation  of  a pure  substance,  e.g*, 
steam,  in  steady  nozzle  flov  is  presented*  Both  of  these  exairplM 
show  that  these  condensation  processes  ere,  in  £kot,  wea)c  doto^ 
nations,  A disc'jssion  of  the  kinematical  features  of  such  a 
process  in  one'dimensiocal  unsteady  flow  is  then  given  and  compared 
with  ahock  tube  experiments,  Pinallyi  the  relationship  of  these 
processes  to  the  theoretical  weak  detonation  solutions  of 
0«  Friedricha  is  discussed  bdafljr*. 

STEADY  COIDHfBAnON  SHOCKS  IN  AIR  INDUCED  BY  SUDDEN  CONDEIBATION 
OP  A aiaLL  FACTION  OF  7ZATER  VAPOR 

If  a small  amount  of  water  vapor  condenses  in  an  air  stream, 
the  ensuing  changes  of  the  mass  flow,  of  the  gas  constant,  and 
of  the  ratio  of  specific  heats  can  be  neglected.  The  simple 
theory  (lo)  considers  tho  -condensation  merely  as  a h^at  source  and 
deals  with  the  changes  wrouglit  t^on  a uniform  air  stream  by  steady 
injection  of  heat  enaz^,  say  of  g calories  per  unit  mass,  at  a 
fixed  station.  This  addition  instan^neoi^sly  raises  the  original 
stagnation  enthalpy  (from  h^,  to  hq  + g calories  per  unit  mass) 
and,  o<M)aeqiM ntly,  the  sound  spood  at  a fictitious  throat  from 
a*  to  a**.  The  dlsccitlnuous  change  of  state  is  governed  by  the 
three  conservation  laws  (of  mass,  momentum,  and  energy)  which 
permit  a complete  description  of  the  trunsitlon,  Ih  what  follows 
tho  states  Immediately  in  front  of  and  behind  the  shock  will  ha 
designated  bv  the  subscripts  1 and  2,  respectively,  Tho  dioen- 
aionlesa  flow  speeds  Vi  “ ux/a*  and  V2  “ are  related  by 

the  conservation  laws  which  yield 

2QvjV2  - * ^1^)  - 1^  (1  + ( (1) 


where 


<^  = 1 + g/h^  ~ (a*’/a*)^ 


!*■  is  seen  that  the  velocity  v^-is  not  determlnod  by  v, 
alonei  tho  qiiantity  g must  also  be  known.  Its  numerical  value 
is  probably  connected  with  the  speed  with  which,  at  temperature 
Tjl,  undercooled  vvater  vapor  is  condensing.  This  condensation 
rate  cannot  be  dotormined  from  gas  dynamical  relations  alone, 
although  there  is  a connection,  as  rra  shall  see  in  discussing 
Friedrich’s  work  at  the  end  of  thns  papor.  Thus,  the  quantity 
g will  be  takon  here  as  an  indeterminate  parameter.  In  order 
for  v^  to  be  real,  however,  g obviously  cannot  be  larger  than 


This  condition  is 


Smax  ~ 


(vi2  . 1)2 




imposed  by  tho  three  conservation  lavs. 


(2) 
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The  ambiguity  in  sign  appearing  in  equation  (l)  can  ba  ra- 
movod,  Sineo^  normal  condensation  shocks  hare  been  obaerred  in 
supei’softifr  flow  only,  we  first  take  it  that  xr^yl,  Secoodlyv  na 
change-  ef  state  can  occur  in  the  tmiforst  air  stream  if  na 
is  forwed  at  all,  so  that  “*^1  = !♦  These  conditlQna 

the  upper  sign  in  equation  Once  the  velocity  is  thus  es- 

tablished as  a unique  function  of  and  g,  a simple  analygla, 
omitted  here,  shows  that  a normal  coriiens'*.tion  shock  transforms 
supersonic  velocity  at  the  front  side  into  a (smaller)  superaonio 
velocity  at  the  back  aide,  at  tha  aama  time  raising  pressxira  end 
density*  It  thus  provides  for  tha  sane  change  of  state  as  would  a 
one-dimensional  weak  detonation  front  sepax^ting  xinbumt  gas  froa 
burnt  gas  in  a chemical  re.iction  process  (5)*  The  pai*t  of  the  air 
stream  containing  liquid  water  obviously  corresponds  to  the  burnt 
gas  flow, 

RSUTIOMSIflP  iriTH  TEAK  DETOKATiOIB 


For  a mathematical  treatment  in  terms  of  a Hugoniot  diagram, 
one  will  first  observe  that  the  internal  energy,  e,  per  unit  mass 
of  air,  assumed  to  be  a perfect  gas,  is  tha  same  fimction  of  spe- 
cific volune,  X » pressure,  p,  before  and  behind  tha  fronts 


e 


1 
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Y - I 


P't 


Tha  equation  of  tha  Hugoniot  curves  then  becomes 


Y-H 
Y - 1 


1 * Tip 


PlT  + 2g  = 0 


(3) 


It  is  seen  that  for  parametric  values  of  g the  curves  here  are  aon- 
Intsrsecting  hyperbolas  vdth  common  asymptotic  lines 


P = - 


Y - 1 

Y + 1 


T = 


Y - 1 
Y+  1 


Adopting  now  the  pattern  used  in  conventional  theory  to  exclude  weak 
detonations  (5^14^  we  replace  the  ideally  sharp  shock  discontinuity 
by  a narrow  reaction  zone  within  which  tha  heat  Is  liberated  grad- 
mlly#  In  other  -.vords,  the  agglomeration  of  v.ater  molecules  into 
droplats  is  not  supposed  to  occur  instantaneously,  since  it  requires 
a small  but  finite  time  t-o  be  completed.  It  thus  extends  across  a 
narrow  slab,  v/hich  in  turn  is  subdivided  into  individual  layers, 
each  characterized  by  the  amount  of  heat  liberated  up  to  that  layer. 
Tha  Hugoniot  curve,  equation  (3),  >vith  g = gives  tha  possible 
p - T reia+ionship  in  that  layer;  the  values  actually  provaiUng 
are  obtained  by  the  Intersection  with  the  Haylelgh  line. 


P - Pi 

T-Ti 


f L ui2  = - Y PI 
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whara-^t  denatea  tha  density  forward  of  the  shoclc  and  Ej_  i»  the 
supersonic  l!aclt  mattber'  at  *rhich  condonsatlon  sets  in,- 

HUOOIrtOT  GUH'/BS  AID  RalLSIGiL  LIIK  E3R,  i.  CaiDSIG.VTIQlI  JEXS3S 

The  slope  of  tho  Hufjonlot  hyperbola  at  P^,  according  to  equa- 
tion (3),  la  - Ypi/Ci.  Since  ^1>1.  it  fallows  that  at  Pi  the 
inclination  of  Rayleigh  line  is  staepar  thin  that  of  the 
Hugpniot  curve,.  Hence^  the  intamoction  polata  on.  Slgura  ^ 
ia  chesical  reaction  proccsno.i,  correspond  t>  detonations,  % 
denoto  by  g£  the  final  anount  of  heat  liborated  by  Llie  condsnaation 
procoss,  thus  assigning  1 dofini^a  value  to  ‘.he  puranotar  g.  It 
is  geomotrically  clear  that  cannot  b&  larger  (for  a givaa 
Raylaigh  line)  than  a certain  amount  (which  is  given  analyt- 

ically by  equation  (2)),  The  Hugo nlot  hyperbola  g = ^oax 
a point  of  contact  ;Tlth  the  Pvayloigh  lino  on  Figure  1,  with  deto- 
nations this  point  describas  a Chapmaa-Jouffaet  process  (5yI4}  for 
which  the  valocity  is  sonic  in  the  burnt  gas,  and  behind  a conden- 
sation shock  the  velocity  U2  is  known  to  be  sonic  if  the  maxlmun 
amount  of  heat  is  liberated  (lO), 

The  succossiva  states  within  the  narrow  reaction  zone  are  given 
by  a aoquanco  of  points  on  the  Rayleigh  line.  This  sequence  starts 
out  at  Pi  and  comprlaea  all  the  intersection  points  with  the  Kugonlot 
curves  for  g = gi#  until  the  point  T,  ^ a the  hyporbola  g = g;  is 
reached,  V/lth  chonical  reactions  ali  these  points  would  characterize 
the  momentary  state  within  a weak  detonation  zone.  Beyond  T2  the  se- 
quence cannot  be  continued,  because  this  would  call  for  layers  wh.ore 
more  than  the  final  amount  of  heat  is  liberated.  In  particular,  tha 
strong  detonation  point  T2*  cannot  be  reached.  This  reasoning  evi- 
dently is  narallel  to  that  commonly  used  in  occluding  strong  defla- 
grations CS)  and,  therefore,  weak  detonations,  since  these  are  vla« 
uallzed  as  initiated  by  a shock  setting  off  a .strong  deriagration, 

IL  appears  that  this  mechanism  cannot  be  upheld  for  weak  condonsatlon 
detonatltms;  since  they  ara  real,  they  cannot  begin  -vith  a shoclC, 
iloasurements  by  P,  Wegener  (3)  roveil  thut,  although  on  Gchliei^a 
pictures  the  v/ater  condensation  in  supersonic  sir  flow  may  have  a 
shock-like  appearance,  the  actual  reaction  zone,  as  indicated  by  non- 
isentropic  gradual  pressure  variation,  can  be  q’uite  vdde  (order  of 
magnitude  1 cm).  It  should  also  bo  noted  tliat  K,  0,  Friedrichs  (7), 
in  establishing  the  oxistance  of  weak  detonations,  novor  makes  use 
of  a shock  transition  in  the  unbumt  gas,  Tha  Chapman- Jouguat  process 
appears  as  a limiting  case  of  weak  detonations.  One  can  adapt  the 
argujaents  usually  givan  (5)  for  the  "stability"  of  the  Ghapxaa-Jouguat 
point  v/hen  approached  from  tha  "strong"  side  aloag  a fixed  Raylaiglv 
line  to  show  that  this  point  lias  also  an  analogous  stability  when 
approached  from  the  weak  detonation  side,  A weak  detonation  cannot- 
proceed  past  the  Cliapman- Jbuguet  point. 

It  can  bs  fairly  objected  that  the  discussion  just  presented 
is  artificial  in  the  sense  that  g or  g^  cannot  '05  arbitrarily  fixed. 
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Ta  &as7tcT  this  objection  thaoratienllj  vmiUI  pra 
exLatance^  uniqnenesa,  and  stability  or  tk»  pewna*  •%  li 
Frledricha  (?)  has  shown  tho  existoneo  and  aBlqfaMaMa«  %i 
stability,  of  possibla  weak  datonatlona.  A pxaetiaaX  am 
provided  by  ttie  aocperlBeatal  ftrat  that  atabda  aoaAnaatii 
do  occiir,  for  fixed  starting  oonditiona^  at  a flsad  fiadb 

CASE  OF  2UDD£:i  COI^DENSAnOl?  Of  A SLTCIZ  GJUUBIT  (SAS 


Ibera  Is,  oT  eonrae,  of^y  ona  WasoaUt  amram  Ar  fba  ISImK 

eqnilibriizn  state  that  can  be  attained  in  a mtmdj,  tdfaVM**  paaaaaa 
starting  from  a given  initial  state.  This  can  bo  afaoi  Amt  tha  amm 
of  the  mixture  of  water  vapor  and  air  dlscussad  abovai  flar  il^llattp 
^!Q  give  here  the  Kugonlot  diagram  for  pure  watar  vapocr.  tUag 
thermodynamic  data  for  steam,  Eugoniot  diagrasis  can  ba  dmaa  ftar 
equilibrium  conditions  downstream  of  aiy  given  point,  tlgaacm  2 
illustrates  the  typo  of  res\U.t  obtained.  AA*  ropresaats  tha  oa* 
existence  line,  below  which  two-phase  equHibriua  pravaila.  Iha 
dotted  curve  is  'a  dry-steam  isentrope,  eontlnuod  aatastablj  into 
the  sanded  coexistence  region  to  the  condition  Tha  Hggonlot 
curve  H,  corresponding  to  and  to  equillbrltsB  eondltlooa  dow* 
stream,  can  ba  ahown  to  ba  convex  and  to-  exhibit  a aharp  riaa  in 
tha  absolute  value  of  its  slope  at  its  point  of  intersection  with 
tha  coexistence  line.  The  Rayleigh  lino  through  Intersects  H 
in  the  two  points  and  Z2';  Z2  is  the  weak  detonation  solution 
and  is  tha  ono  that  corresponds  to  the  mixture  -jf  droplets  and 
vapor  observed  experimentally.  If  the  expansion  continues  down- 
stream of  Z2,  it  does  so  along  a mixed  phase  adiabatic;  and  if 
equilibrium  of  the  two  phases  is  maintained,  the  adiabatic  ia 
reversible.  To  our  knowledge,  no  direct  observation  has  been  made 
that  the  flcr  dovmstream  of  Z2  is  supersonic  in  tho  caso  of  steam; 
in  tho  caso  of  tho  liu^avoraiblo  condensation  of  a small  amount  of 
water  vapor  in  air,  or  of  air  itself,  this  has  been  confirmed  by 
observation  of  Mach  lines  (9,ll),  One  can,  however,  caloulate 
sound  speed  at  Z2  for  steam  with  available  thermody^mlc  data,  obtain 
flow  speed  from  the  Eugoniot  diagram  (knowing  tho  speed  at  Zo),  eujd 
establish  that  the  flow  is  indeed  siqjersonic,*  Jouguet's  rule  (5) 
is  thus  verified,  A Chapnan-Jouguet  process  would  occur  in  the 
special  case  in  which  tha  Rayleigh  line  was  tangent  to  H at  Z^, 

Figure  3 shows  schamatically  a one-parameter  family  of 
Eugoniot  curves  representing  idealized  progressiva  stages  of  con- 
danaation  advancing  from  tho  "dry"  Eugoniot  H(6  = O)  towards  the 
equilibrium  Eugoniot  cui've  H(6=  l).  It  is  tekon  for  granted  that 
a single  significant  parameter  £ may  be  found  corresponding  to  a 
given  mixture  of  grov/ing  molecular  clusters  (size  larger  than 

♦This  can  be  vertfied  for  the  experiments  reviewed  by  Ruedy 
(reference  (L?)).  The  method  of  obtaining  tha  sound  speed  Is  given 
in  reference  (11), 
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critioaiy  and  sinjlo  noleculas.  Hare  the  familj  at  Htiganlat  cuxva#- 
i»  ^ pencil  eoaleaeittu  at  tho  point  C because  of  the-  atngio-pbase 
condition  above  the  coexietonca  line 

This  dlajram  suG-jesta  tliat  the  soquence  of  weak  detjnatlon  frott 
^ ^2*  followed  by  a norral  shock  from  Z2  to  Z2*,  will  give  the 
aaao  end  raoult  as  a "dry*  nomal  shock  leading  directly  f^on  to 
22*  • It  caa  be  verified  easily  that  this  “transitive ^ relation  of 
the  shook,  solutioo.  holxLa  ia  g,anaral». 

CoaDE^lTIOK  3H0C:C3  IH  O&Dr.'.SiraiONAL  UNSTEADY  r!L0W 

In  two-dinensiooal  steady  nozzle  flow,  nonnal  condensation 
ahoeki  have  been  observed  only  within  a limited  da-nain  of  l-^ach 
nueboraj  in  the  majority  of  cases  the  shocks  are  X-shaped*  There 
isj  howevor^  no  reason  why,  in  strictly  one-dimenaional  flow/ 
ttomal  sbooks  could  not  ar^sa  at  any  supersonic  Mach  number*  In 
the  ftillowlng,  some  considerations  are  offered  to  support  tide  view. 
In  order  to  obtain  a variation  of  I^ch  nuTiber,  we  deal  with  un- 
steady flow  as  nay  b%  prsdneed,  e.g*,  by  a piaton  recoding  tdth 
tmlfom  Tsloeity/  V,  trea  e ae^-infinite  air  chamber*  air  is- 
first  taknn  as  dry}  its  Initial  state  is  denoted  by  the  subscript 
o*  In  an  X • t diagraa  the  flow  process  is  characterized  by  a 
pencil  of  straight  rarefaction  lines  (Slgure  (4)),  along  each  of 
which  the  flow  state  is  constant.  This  contered  simple  wave  will 
be  defined  by  the  condition 

u + (T  = const, 

where  u la  the  local  particle  velocity  and  flT  is  the  Eiomann  fimotlott 
which,  in  tho  case  considered  here  of  on  ideal  gas,  is  Icnown  to  be 
proportional  to  the  local  velocity  of  sound. 
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Y-  1 


The  equation  of  any  rarefaction  (characteristic)  lino  is  than  given 
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— 
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- = u - a = k 
t 

where  l/k  is  the  slope  of  tha  line  in  tho  x - t diagram. 

Abandoning  now  tha  asauviption  of  dry  air,  vira  stipulate  the 
presanco  of  a certain  amount  of  v.abar  vapor,  *7^.ich  nay  not  yet  bo 
aaturitod  at  stagnation  conditions,  and  thus  partalcos  iu  tho  ex- 
pansion process.  Suppose  that  at  Tj,  ^ the  vapor  is  .saturated. 

In  general,  condensation  v.lil  not  occur  at  thy.t  tomperature,  since 
the  change  of  atata  in  the  e>cpandlug  gas  coiicna  ic  not  infinitely 
slor/,  A gas  layer  that  baca-'S  saturated  ’..'ith  water  vapor  at  time  tj_ 


.’if 


Bsod  &sA  Hoybfty 


will  continue  to  expand  at  constant  entropy  untilj  at^  some  later 
tine  tt.it  attains  a tan^erature  at  TThich  condensation  takaa 

place.  According  to  a recent  investigation  by  Eantrovritc 
the  elapaed  tiae  aad  tba  condans^.td.on  delay  T are  cconected 

by  the  approxiiaate  relation 


B 

- *1^ 


(4) 


where  the  constant  B is  of  order  10^  (degree^  x aeo)«  Here  Tkat 
donates  the  saturation  temperature  at  the  pressure  prevailing  at 
temperatura  T;  T3at  mist  not  bo  confused  with  the  temparatura 
where  the  vapor  is  saturated  at  the  higher  pressure  pi  • Obvioxisiy, 
T<Taat<Ti. 


The  location  taken  by  the  gas  layer  when  It  roaches  the  teno 
perature  T evidently  indicates  the  moDontary  shock  location*  The 
ordinate  is  known  to  be  given  ty 
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C^)2  Y « 1 


(5) 


whereas  the  abscissa  follows  froa 


I ’■a-a=<f,(l 


since  this  Is  the  equation  of  tba  characteristic  lino  along  which 
the  tecqperature  T prevails* 

The  Santrowita  relation  can  now  servo  to  set  up  the  equation 
of  the  shock  path.  Every  individual  gas  leiyor  is  characterized  hy 
the  tine,  t^j  at  which  the  air  in  it  becomes  saturated*  On 
eliminating  ti  equations  (4)  and  (5)  we  obtain 

t = S 

This  is  the  ordinate  of  the  shock  path  in  tems  of  the  parameter  T 
which,  in  the  x - t diagram,  determines  the  individual  characteristic- 
linoa*  The  abscissa  is  given  by  equation  (6).** 


* Much  of  our  discussion  is  Independent  of  this  explicit  relation 
due  to  Kantrowitz,  See  also  Osisatitisch  (l7). 

la  the  presence  of  the  shock  the  dashed  parts  of  the  originally 
straight  rarefaction  lines  (Figure  4)  will  alter  their  course. 
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soea  MmX-  tto  shook  aovor  eaa  bo  fbund  t o^  th*  loft,  of  tfao 
ch«^  icfarlstjLc:  It  no  f S'  (oIaoo  t would  bocoao  ttogatlro- If 

•I>  tin  ladaod>  «r  t^oo,  if  Ti,  tho  shock  path,  coming- froa  th* 
right,  approaches  aBj^tattoillip  tha  *aatuzatlou  oharahtoAsti^ 

T = Ti,  lloreovor.  It  can  intorsoct  but  once  with  any  oharaotoilatio 
lino,  since  equation  (4)  is  a uniqxio  Ihnetion  of  T,  la  a consequonoo. 
tho  shook  path,  at  any  point  P within  tho  fhn,  will  a larger 
aaglo  with  tho  pcsitivo  x-axia  than  does  tho  rarafactioa  through 
?«.  .HaDaa,.  .tha  shook.  valadUty  ralatiwo  ta  the.  tdb«.  wall, 

k = u - a 

at  P,  aa  is  readily  voriflod  from  tho  fhet  that  the  slopes  cf  the 
intaraocting  linos  are  l/v  and  l/k,  reopootiToJy*  The  Mach  marbor 
rolaUvo  to  the  shook  is  w 

M = >1 


If  we  nos  fallow  tha  shock  oux^  as  it  approaches  tho  asyaptoilo  linft>. 
the  difference  between  V and-  k - u • a beoOTies  increasingly  . 

It  xs  thus  seen  that  nonuil  condensation  shoota  ri^n  occur  thoo* 
retlcsUy  at  supersonic  loach  numbors  as  low  as  wo  nay  choose • 

^sumably  tho  highest  Uaob  nuabor  will  be  found  at  the  inter* 
soction  of  the  shock  with  tho  last  oharaoto.riatlo,  line  on  which  any 
quantity  will  be  given  the  subscript  2.  The  particle  velocity  hexe 
is  equal  to  the  piston  velocity 

Tbs  sound  speed  eon  be  obtained  from  the  Blaplje«wave  condition 


It  follows  that 


Wo  = 0 + ®"z 


«2  = q = L=J  (*i  - 0) 


The  shock  velocity  Vg  could  bo  computod  from  the  shock  path  equa* 
tlons  (6)  emd  (?)•  Ono  would  have  to  introduce  tho  e:qplioit 
dependence  on  with  the  033  of  the  CLapeyron-Clausius 

relationship  of  naturation  pmsaure  and  temperature.  It  was  found 
t’.iat,  in  order  to  arrive  at  a closed  form\da,  several  simpHfyiag 
assumptions  had  to  ^jq  made  and  that,  even  then,  the  expressions 
became  rather  unwiel^.  Tilth  more  ease  tho  velocity  V2  can  be  ob- 
tained from  the  shook  path  \7ithia  tho  zone  of  constant  state 
extending  bet\7een  t>'e  piston  path  and  the  last  charactoristlo  line. 
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Bead  Bejibjjr  . 


Zn;  thie  sooa  tha  KantroTdtz  raletdoa  gSv«» 

; . ’ * * *^ ' . I 

In  the  idealised  erqpanaien  prooeas  considered  here  tlie  gas  laTwr  ] 

inoadiately  adjacent  to  the  j^ston  is  saturated  at  tir.e  ti  0; 
t*  then  denotes  the  tine  at  ehioh  eondensatiou  occurs  in  that  layer** 
The  condensation  shock  cakas  its  first  appasrasss  at  t - x = Vt*, 
ehids  is- c pedat  oir  tisr  pdstoa  patiiiw 

• 1 

Zt  is  not  hard  to  deduce  that  tho  path  in  the  eonstant^tate  ] 
zone  of  a s^^s  layer  that  was  saturated  at  t ~ tx  3^  0 is  the  atrui^^ 
line 

On  eliminating  tx  froa  this  equation  and  the  Kantrowitz  relation  the  ] 
shook  path  in  that  zone  is  found  to  he  . 

Ot  - I - «2  (t  - t*) 

2 

This  again  is  a straight  line*  Its  reciprocal  slope  is 
^ D - 42  (^)  2 


Hence,  the  ibch  nunber  relatiTe  tc  the  shock  in  tho  oonetant-stato 
zone  iehich  includes  the  last  cliaractoristic  line)  becomes 

<n  JJUL 


^ aM  <Je  are  given  quantities*  It  is  soon  that  the  I'aoh  number 
beconss  large  if  the  piston  velocity  approaches  the  velocity 


(To 


2 

Y - 1 


The  results  of  these  consido rations  Indicats  that  the  apparent 
restriction  of  normal  condensation  shocks  to  a limited  region  of 
ISach  numbers,  as  suggoated  by  available  exporimontal  evidenca  in. 
tTro^dimensional  nozzle  flow,  is  probably  not  founded  in  the  natorz 
of  the  ii'Tovarsible  coadenaution  process* 


* Relations  such  as  Kantro^tz'  cannot  be  oxpooted  to  hold  for  very 

small  tinos  t'*  Gilmoro  (iTl)  has  sstimated  these  induction  times; 
for  con'iitions  of  interest  here  they  are  of  the  order  10"®  see, 
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CeatteBaeiiaitt-  ehoeto  la  msteady  oBe-dlneradtssBli  flav  bavia  beea 
oMetoed  ih  atoeK  a^tpariiMmte  Bade  at  the  JMsrairaitT:  toxonti^ 
flguxie  5 en  example*  Kiat  the  eoadeosaV^n  ahookLahoull  appear 
as  a atnight^  liae  evea  w£€hia  tbe  »yp*n*4ftn  c&n.  ia  a^lained  tjOT  tl0> 
toot  that  'Uie  entfiv  ptiOt  eui’ieapouJa  ta  m tlma  tntarvat  oratotxt' 

1/2  nllli^eoonds  during  ehidh  the  ooi^CLaatioa  afaoek  velooltj  ia  aot 
likely  to  ohange  notloeably  aave  is  extrege  caaea» 

to  the  e^qperlnent  troa  vhioh  flgara  5 mta  obtained  t&a  air  vaA. 
aatuaated  inlttoHys  ngozv  5 ereeirr  te  haiao  a (gfffooll^  Beoanar^ 
from  our  diaouasionf  the  condensation  shock  should  approadt^  eayaqiH 
totioallyi  the  saturated  state,  vMch  would  be  the  first  rarefhotion 
line  in  figure  5*  Ihe  obserr^  condensation  shock  seems  to  diverge 
from  the  rarefaction  line*  The  experiments  of  C*  T*  R.  tSil^on  (IB) 
may  throw  some  light  on  a possible  explanation*  YULlson  found  that 
for  an  expansion  which  is  very  slow,  as  it  is  in  the  later  stages 
. of  an  axpansion  such  as  Figure  5«  and  for  saturated  hlr  relatively 
free  of  oondeiiestion  nuclei,  a tninimtxa  expansion  ratio  was  reqtiir^ 
before  the  omet  of  rapid  condensation*  The  lino  T ^ then  can 
never  be  rsoohed*  The  aharaaterlstic  asyaptotically  approached  ty 
the  ooadensation  abode  in.  Ilgura  4 may  be  rslabelad  the  "IQlaoa 
line”*  One  can  show  that,  for  the  tine  interval  in  Flgura  5»  the 
shook  line  should  ba  fairly  straight  and  oloso  to  the  TJilson  line  if 
the  expansion  wars  an  ideal,  oer^^ered,  simple  wave*  In  fhet,  it  is 
not  a osntax>»d|  simple  wove  and,  although  velocity  measurements  can 
be  mads  in  these  e3q;>erjUBent8y  one  cannot  dstarmina  the  theme* 
djriiamio.  states  beoaxise  the  path  of  the  contact  surface  is  not' 
determinable  from  the  picture*** 

Ibis  interesting  to  remark  tiiat  T*  Lae  (2D)  has  observed 
three-dimensional  tinstrady  condensation  sho.olcs  dus  to  Jet  formation 
whan  a diaphragm  is  buret  in  a shook  tube*  Thass  would  correspond  - 
to  the  weak  datonation  solution  indioatod  by  Q*  I*  Taylor  (6)* 

fizscosaioti 

A more  dstailod  dasorlptlon  of  the  weak  condensation  deto- 
nation processes  discussed  above  may  help  to  olarify  their  relation 
to  more  familiar  t^pes  of  chemical  detonation  processes* 

If  one  tries  to  describe  the  processes  occurring  in  the  deto- 
nation front  Itself,  the  theory  of  steady  detonation  waves  (see, 
e.g*,  von  Nsum&nn  (I4))  gives  some  support  to  the  notion  that 

* The  authors  are  indabtad  to  Br*  G.  N,  Patterson  and  Dr*  I*  Glass 

of  the  Institute  of  Aerophysics,  University  of  Toronto,  for  doing 
these  experiments  at  our  request,  and  for  permission  to  publish  one 
of  the  resulting  Ktve-apaed  camera  photographs* 

*^  Possibly  modification  of  those  experiments  ia  possible  in  which 
the  gas  is  allowed  to  push  a piston,  the  path  of  which  could  be 
measured  (U)*  With  this  the  condensation  history  from  time  zero 
could  be  observed* 
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ardinarty  ehanicseil  detonations  start  frus  a situation  in  t!ia  nalgia^ 
borhood:  of  a normal  shock  solution  of  the  conaarvatlon  aquatios  fbr 
the  mdjuraod  eaa:  end  proeaad  along  a seq';eaec  of  (loosl^  stae^f- 
states  ta  the  ChapnaiT'JbnsMi  point*. 

In  the  Casa  of  the  eeak  condensation  detonations,  we  have  seen 
that  the  analogous  sequence  of  states  starts  in  the  neighborhood  of 
the  Seak**  dlsturbanoa  solution  and  reaainn  there 


fbr  bb^  sorts  of*  detonation  the  eqtdZibrfwr  o^naSeett&l* 
speoies  or  phaaea  is  reached  in  a kinetic  balance  of  forward  and 
reverse  reactions.  In  the-  usual  chemical  process,,  both  forward  and 
roverse  reaction  rates  increase  with  the  temperature.  In  the  ease 
of  condensation  processes  the  forwaiti  reaction  rate  (the  condensation) 
decreases  vTith  increasing  temperature  while  the  reverse  reaction  rate 
(evaporation)  increases.  The  process  may  cut  itself  off  (i.e.,  equi- 
librium nay  be  established)  even  if  some  of  the  vapor  Is  not  yet 
condensed. 

In  order  to  obtain  the  weak  condensation  detonation,  an  un- 
stable condition  is  brought  on  by  means  of  a fast  adiahatie  a»- 
pansion*  . Two  basic  maohanisiBs  are  at  work  in  such  a eondenaatien 
process.  The  first  stage,  as  ia  well  known,  depends  on  the  biild-up^ 
of  "orltloal"  nuoleii  once  these  are  present  in  sufficient  quantity 
the  rapid  stage  of  condensation  commences.  The  first  stage  la 
"hidden"  insofar  as  it  ia  not  made  manifest  by  any  appreciable  al- 
teration of  thermodynamic  properties.  The  evaporation  (reverse) 
process  depends  on  the  presence  of  droplets  and  on  ths  heat  release 
dxie  to  thair  Cast  initial  growth* 

This  description  prepares  the  vToy  for  a comparison  with  the 
weak  detonation  solution  found  by  Friedrichs  (7).  Friedrichs  baa 
treated,  the  one-dlmersional  model  detonation  process  as  governed  by 
a differential  equation  involving  maoroscopic  viscosity,  heat 
conduction,  and  a reaction  rate.  He  has  shown  the  possibility  of 
weak  detonation  solutions  of  these  equations  and  has  shown  that  these 
will  have  an  eigenvalue  of  locally  steady  propagation  velocity  for 
given  boundary  conditions  ahead  of  the  wave  and  for  a given  rorm  of 
the  reaction  rate.  In  this  these  solutions  have  formal  similarity 
to  flame  solutions.  Assuming  a reaction  rate  increasing  with  tanv- 
perature,  the  weak  detonation  solutions  are  characterized  as  being 
associated  with  a reaction  rate  which  he  terms  "extremely  fast". 

BJuch  of  his  discussion  is  independent  of  this  assumption,  what  ia 
essential  to  the  matter  is  the  behavior  of  the  solutions  of  his 


*Tho  fhet  that  the  disturbance  is  small  in  the  condensation  case 
indicates  that  one  might  compute  eigenvalues  of  the  propagation 

velocity  by  an  appropriate  modification  of  a procedure  used  for 
flames  (14);  inversely,  the  pattern  of  solution  fields  for  diffexv 
ent  aa.sujnptions  as  to  the  reaction  rata  indicates  ooro  closely  vdiat 
conditions  might  have  to  bo  met  to  have  a cherdcal  weak  detonation. 
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■oteX  ia.  tb>  ^ spaea,  «hm  Cla  tba  ftaetioa  of 

tunrl  jiii^  »'X«dBoa&'iaD^xmtara,  aad  r I9  ■ 

Ivra- » vMdt  4ttotMktifi&  ii»latoa>  frLadrioha  fLi^i  ia  abooidiaoa- 
«ith-pfigrif?*X  d^MtatifiO^  that.  tha.  tranaitlon  betmea  tha  pla&aa 
f a 0 to  ^ 1 Boot  to  offtotad  althnat'  dtparting  fWr  froa  the  elsiM 

^ * #»«  9 abvrr^  ia  the  sodkioad'  tapeiatoe  ahead  oT  the  reaetioa  ftoat« 
Ihia  la  the  raaaon  fbr  the  requinaant  that  the  reaetlos  zate  be  fhat 
»t  a nlativalj  Xov  teipeimturo* 

n la  kaeea  ttcm  aimerieflee  that  the  veak  nondenaa tloa  date*- 
aatieTaatteiy  the  ounfflioai  tsanaitieB  t)eoaC^O  to  fT 
idthout  aaztod  iooioaaa  io  teapeMtozo*  The  reaotloa  rate  bae  teo 
flaat  atageas  rapid  growth  oa  aoelei^  aad  the  roraraa  reaotioa  of 
fvaporatlhB'.Oaulwtitig^  the  growth  of  draplete*  A aeooad  of 
weak  ^toaatloa  eolntioa  fb«^  bx  IHedri^  ineolvee  a shook  traa* 
eitioB  la  the  neighborhood  of  the  plane, i*e«y  ih  the  harat  gae. 
Sde  eaaoot  ooeor  in  the  oondeneation  oaae  b■oa^M  of  the  atablUai^ 
eeiUtlwia  of  the  roaotiaa  rate* 
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Figura  3 • Sohsmatlo  drafting  of  oae-paratoetar  Hugoniot 
eurvoa  for  aieaa. 
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Figure  4 - Condansation  shock  in  a centered  simple  rave  expaoalon, 
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THE  STROCTUBE  OF  A 9!rSAD7-3SA7S  PLANS 
DETONATION  NAVE  ^rXTff  PBCEEB.  BEACTXON  RATE 
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John  0,  Kixtafood 
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Yale  Unl^verslty 
Hem.  Hamea^  CoBnaettAtl^ 

and 

Vllllaa  V.  Hood 

Loa  Alamos  Scientific  Laboratory 
Los  Alamos^  New  Kexloo 


An  analytical  elaboration  of  von  Neumann's  model  of 
the  detonation  wavs  Is  presented.  A hydrodynamic  argument 
for  the  wellokno^n  Chapman-Jouguet  condition  Is  advanced^ 
and  the  sound  speed  to  be  used  therein  Is  Identified  as 
that  obtained  with  fi^ozen  chemical  equillbriun<  in  agree- 
ment with  a recent  result  of  Brinkley  and  Richardson. 
Possible  situations  In  which  the  classical  Chapman-Jouguat 
hypothesis  might  be  incorrect  are  very  briefly  discussed. 


J 


•3 


1 


The  propagation  of  a plans  detonatiot.  wave  through  a 
semi-infinite  explosive  medium  has  been  discussed  theo- 
retically by  a number  of  inyestlgators'^"^^' , beginning 

with  Chapman'^'  and  Jouguet^^'.  The  central  problem  Is 
the  selection  of  a unique  detonation  process  from  a one- 
dimensional continuum  of  processes  all  of  which  satisfy 
the  usual  conservation  laws  for  ma88>  momentum^  and  energy. 
The  rule  by  which  this  selection  la  made  Is  known  as  the 
Chapmein-Jouguet  (denoted  In  the  following  by  C-J) 
hypothesis « after  these  early  Investigators.  The  chemical 
reaction  responsible  for  the  detonation  process  has  been 
treated  as  an  Instantaneous  transformation  In  many  of 

these  dlscusalona^^”®*  In  particular « Brinkley 
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and  Kirkwood  have  studied  the  stability  or  the  C-J 
detonation  under  this  assunqpitlon, 

ChetBieal  reaot Ion  rates  are  of  course  finite,  and  a*: 
a consequence  the  region  in  which  the  chemical  transforma- 
tion takes  place  must  be  of  non-vanishing  dlaenslons. 
Certain  well  known  properties  of  detonation  waves  in 
finite  geometry  afford  experimental  verification  of  this* 
axxjL  iTL  fact  considerable  Interest  is  attached,  to  tikd 
deterxaination  of  such  parameters  as  the  reactton  tfiaa* 
etc.  The  classical  paper  in  the  discussion  of  the 
inlPluence  of  finite  reaction  rates  on  the  detonation 

process  Is  that  of  von  Neumann^^^ , The  present  work  is 
essentially  an  analytical  elaboration  of  his  geometrical 
discussion,  which  we  hope  will  clarify  several  points, 

Brinkley  and  Richardson'^^'  have  also  recently  considered 
this  question,  and  our  Section  IV  is  similar  in  certain 
respects  to  their  work. 

U 

Our  model  is  that  of  a fluid  undergoing  one -dimen- 
sional, compressible,  non-dlssipatlve,  adiabatic, 
reactive  flow.*  Shocks  are  treated  as  mathematical  Jump 


♦See  ref.  12  for  a discussion  in  which  dissipative  and 
diffusion  processes  are  considered^ 


discontinuities  In  certain  of  the  hydrodynamic -thermody- 
namic variables.  Among  the  variables  specifying  the  state 
of  the  system  are  certain  composition  variables  A, 

J*  f,  2, -r"  # corresponding  to  certain  Independent 

chemical  reactions,  r in  number,  involving  the  n compo- 
nents of  the  fluid,  which  reactions  are  denoted  by 

•(Si 

The  are  stoichiometric  coefficients,  positive  for 

products,  negative  for  reactants,  and  sc  chosen  that  (1 
expresses  the  transformation  of  «init  mass  of  reactants  to 

products;  denotes  unit  mass  of  component  oc  . The  Ac 

are  progress  variables,  specifying  the  increase  in  mass  of 
the  vaurlous  components  within  a fluid  element  of  total 
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raaea  m due  to  the  r ehemifi&l  reactions! 


cftn 


i.*  ^ ^ ^ •f* 


Ife  assuflje  throughout  this  alscusslon  the  existence  of 
local  thermodynamic  quaal-equllibrltm,  such  as  to  pemlt 
t^je  definition  of  local  temperature,  etc,,  aT<f  to  pensft' 
the  assumption  that  the  various  thermodynamic  quantities 
may  be  regarded  as  functions  of  a suitable  set  of 
Independent  thermodynamic  variables.  We  also  suppose  the 
Lagranglan  time  derivatives  of  the  progress  variables  to 
be  given  by 

(3a 


where  and  are  chemical  rate  functions  for  the  for- 
ward and  back  directions  of  reaction  J,  given  as  functions 
of  the  local  thermodynamic  state. 

Xn  regions  of  space-time  in  v;hlch  shocks  are  absent 
the  flow  Is  governed  under  our  assumptions  by  the  usual 
hydrodynamic  equations 


“ dx 
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Wa  uaa  ^ ^ danote  ■attar  danaltgr;  ■ ia»  gtaas  valoelty  dnH 

a coordinate  ayatem  with  x as  space  variable « t as  time  i 


variable;  p the  fluid  pressure;  v the  specific  volutae 
equal  to  1/^j  E the  specific  internal  energy,  assumed  to 
be  a known  function  of  the  local  thermodynamic  state,  say 

the  variably  A > ^ # 9 * where  A denotes  the  set  of 

variables  A > S the  specific  entropy.  fDhe  equation  of 
state  la  also  assumed,  giving  p as  a function  of  A » P t 
and  S.  ' 


From  the  alternative  form  of  the  first  law 


IfsT  al  -f  ^ ♦ iJ;  r-.»  ^ 


in  which  denotes  the  specific  chemical  potential,  we 
obtain  the  entropy  transport  due  to  chemleal  reaction: 


is  . V 


jc/r 

T 


^ % 
d-t  ' 


Corresponding  to  the  classical  Rlenann  analysis  of 
the  hydrodynamic  equations  In  the  non-reactlve  case,  we 
now  utilize  the  equation  of  state,  and  the  entropy  trans* 
port  equation  as  well,  to  establish  the  relation  between 
the  substantive  derivatives  of  p,  p , and  A • usual 

rule  for  differentiation  gives  ^ 
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Vith  thft  definitions: 


< ' cm 


St  X f 


iBm. 


P,  - f-ff ) 


we  obtain  after  acme  manlptilatlcn  the  relation 

4f-*  cjf  df 


where 
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here  H denotea  the  apeclTlo  enthalpy » Tl^and  ^ r^spee- 
tltcely  tha  tiflual,  tharmodynanla  partial  apecitla  enthalpy 
and  volume  of  component  oc  . It  vlU  be  noted  that  the 

quantities  and  Cm  are  the  sound  speedy  volume 

eTqpanslon  coefficient,  and  constant  pressure  heat  capacity 
evaluated  with  the  composition  frozen  at  its  Instantaneous 
value.  The  parameters  <p**are  thermodynamic  variables 
whlohs  as  we  shall  see,  determine  In  conjunction  with  tha 

rate  functions  r^  the  ejqploslve  behavior  of  the  medliua. 

Use  of  (9  peztolts  the  eDlmlnatlon  of  the  derivatives 
of  the  density  from  the  hydrodynamic  eq^atlonst 


J 


(lla 


(lib 


dx» 
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We  note  that  these  equations  are  similar  to  the  well-known 
equations  for  ncn-reaotlve  flow,  the  frozen  sound  speed 
appearing  In  the  expected  place,  but  with  a non-vanlshlng 
rli^t  hand  side  In  the  first  equation.  Ve  also  note  that 
when  our  reactive  system  Is  at  chemical  equilibrium,  the 

right  hand  side  vanishes,  since  r^  becomes  zero  when  tha 
forward  and  backward  rates  become  equal.  The  appearance 
of  the  frozen  sound  speed  Is  of  some  Interest. 

The  differential  equations  (11  hold  In  regions  of  the 
flow  which  are  free  from  shocks.  Treating  the  latter  as 
mathematical  discontinuities,  they  are  governed  by  the 
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ClZb 

(12a 

in  which  TJ  denotes  the  shock  velocity  and  the  other 
symbols  have  their  usual  meaniiis  with  the  subscripts 
distinguishing  the  values  on  the  two  sides  of  the  shoo)<u 
These  relations  across  discontinuities > and  the  differ- 
ential equations  in  regions  free  from  them^  supplemented 
by  suitable  boundary  conditions,  determine  the  flow  of  our 
one -dimensional,  reactive  fluid* 

We  now  apply  them  to  the  px'opagation  of  a steady- 
state  plane  detonation  wave  tiirough  a semi-infinite 
explosive  medium  in  a direction  perpendicular  to  the  plane 
surface.  We  suppose  the  detonation  tq  have  been  initiated 
at  this  surface  at  zero  time,  and  suppose  the  boundary 
condition  to  be  imposed  at  this  rear  surface  by  a pro- 
scribed motion  of  an  infinite  piston  (see,  e.g.  refs.  7 
and  11) . We  will  consider  only  the  steady-state  detona- 
tion assumed  to  be  approached  eventueaiy,  at  least  for  • 
some  modes  of  Initiation.  Here  we  adopt  the  model  of  the 
detojfiation  wave  used  by  von  Neumann,  in  which  the  reaction 
is  initiated  by  a shock  wave  in  the  unreacted  medium 
preceding  the  reaction  zone,  (The  reaction  rates  r^  are 
assumed  to  vanish  In  the  mediiim  in  front  of  the  shock 
wave.)  We  denote  by  D the  velocity  at  which  this  shock 
propagates  along  the  x-axis  (taken  as  perpendicular  to  the 
rear  surface  and  pointing  into  the  explosive) , the  un- 
reacted, unshocked  tr^odium  being  stationary  in  this 
coordinate  system.  During  the  approach  to  steady  state, 

D ma;^'  depend  on  t,  but  is  assumed  to  approach  a constant 
value  as  t increases.  In  addition  to  this  assumption,  the 
notion  of  a steady  state  also  includes  the  supposition 
that  there  exists  immediately  following  the  shock  a region 
of  constant  length  in  which  the  various  hydrodynamic 
variables  are  independent  of  time  when  viewed  from  a 
coordinate  system  moving  with  the  velocity  D.  This 
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ataad^-sono  la  fdlloired  1>7  a floir  region  whose  oharaoter 
la  detersined  by  the  rear  boundary  condition.  In  oertaift 
alapliliad  oaaea  Ife  may  have  approoclisateXy  the  f om  of*  a 
centered-raref action  wave,  reducing  the  pressure  and  uaas 
velocity  from  their  values  at  the  boundary  between  this 
region  and  the  steady  zone  to  their  values  at  the  rear 
Bu^aee.  Ve  now  proceed  to  discuss  these  two  flow  regime 
aaparataly^.  beginning  with  the  steady  aon»» 


Ve  i:ntx*oduoe  the  moving  coordinate  system  mentioned 
abdve..  For  convenience  we  talce  as  space  variable  the 
distance  measured  backwards  from  the  shook  front.  The 
tranaf ormatioa  is 


t.%. 

With  this  change  of  independent  variable  the  differential 
equations  (11  become 


(14a 


(lib 
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If  we  assione  a region  of  steady  state  behavlorj  the  tlaa 
derivatives  vanish^  and  the  equations  reduoe  to 
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It  iB  easily  seen  froa  these  equations  that  the  state 
variables  in  the  steady  zone  satisfy  the  Ranldne-Eugonlot 
relations  (12,  with  states  1 and  2 being  any  points  in  the 
steady  zojm.  Since  the  steady  zone  point  Just  to  the  rear 
of  the  shock  is  connected  to  the  sediuiB  ahead  by  these 
same  relations  it  is  clear  that  we  say  write 


^ (p — )•»,» , 


(17& 
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the  sero  subscripts  denote  values  of  the  quantities  In  the 
medium  ahead;  unsubscrlpted  quantities  are  at  any  point  In 
the  steady  zone.  Equations  (17,  coupled  with  any  one  of  I 
the  differential  equations  (16 « determine  the  state  | 

variables  as  functions  of  the  distance  behind  the  leading 
Bhookj  for  any  aseuised  value  of  D*  The  latter  Is  not  yet  1 
determined.  | 

Ve  note  that  we  will  encounter  difficulty  In 
Integrating  (16a  or  {16b  If  becomes  zero.  Since  the 

flow  back  of  a plane  shook  relative  to  the  chock  front  is  j 
always  subsonic^  will  be  positive  at  | • 0 • { 


Corresponding  to  the  classical  Rlemann  analysis  for 
the  case  of  non-reaotlve  flow«  wo  anticipate  that«  for 
piston  motions  opposite  In  direction  to  that  of  tho  motion 
of  the  detonation  wave,  there  will  be  a rarefaction  wave 
of  non-steady  character  reducing  the  pressure  from  Its 
value  at  tho  end  of  the  steady  zone  to  a lower  v^uSr 
possibly  zero,  at  the  piston  surface.  Consequently  we 
devote  this  section  to  a brief  discussion  of  the  oharae-- 
terlstlc  curves  of  the  sec  of  differential  equations  (11. 
Without  reproducing  all  the  steps  > we  state  the  results  as 
follows.  The  set  of  equations  (11  Is  olxjays  hyperbolic. 
The  characteristics  in  the  x •>  t plane,  r -f  2 In  number, 
are  given  by  the  following  equationst 
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The  f£z«t  tva  oharaeterlstlos  aay  >«  thouglit  of  as  cirlng^ 
the  paths  of  '^sauzid  vasma*  through  a given  point  in  thA 
X - t plane.  The  other^  eharacterlstios  are  degenerate^ 
all  eoinddjng  with  the  streamline  through  the  point. 

These  results  are  similar  to  the  well-known  results 
for  non-reaetlve  flowj  e.  appearing  In  the  plaoe  of  the 


ordinary  nozL-^raactlva  sound  speeds  Thnra 
Important  dlfferenee;  equations  (U  are  not  homogeneous^ 
and  therefore  not  reduoible^  contrary  to  the  case  with 
the  non-reaotlve  equationa.  Thus  psi^  of  the  usual  theory 
of  hyperbolic  flow  falls  to  carry  over  Into  the  reactive 
case.  However j certain  general  properties  of  hyperbolic 
equations  rcmalnj  among  them  the  followings  the  botinday 
betwen  two  space -time  regions  In  which  the  flows  are  of 
different  tame  (for  exanole,  a raption  in  which  the  i^idw" 
is  steady  adjacent  to  a ronioa  in  t:liich  the  flow  is  non* 
steady)  must  be  a oharaoteriotio.  In  the  nextseotion 
wa  make  an  important  application  of  this  principle* 

V 

Ve  now  proceed  to  draw  certain  concliuiiono  oonoeming 
the  detonation  process  from  the  analyses  of  the  preceding 
two  sections.  As  noted  at  the  end  of  the  last  section^ 
the  boundary  between  our  steady  region  and  the  succeeding 
flow  must  be  a characteristic  curve,  assuming  that  the 
differential  equations  remain  valid  across  the  boundSTTy  > 
i.e.  assuming  the  boundary  is  not  a shook.  It  then 
follows  that  the  flow  variables  are  continuous  (not 
necessarily  their  derivatives);  hence  the  flow  variables 
are  constant  along  the  boundary,  and  it  follows  from  (16 
that  the  boundary  characteristic  is  straight.  Since  it  is 
clear  that  it  cannot  be  a streamline,  and  since  In  our 
coordinate  system  the  wave  is  forward  facing,  it  must  be 
a u + Oq  characteristic.  Still  further,  in  order  for  the 

X dimension  of  the  steady  zone  to  be  constant  In  time,  it 
Is  necessary  that  the  slope  of  this  characteristic  In  tbs 
X - t plane  be  the  sane  as  that  of  the  leading  shock 
locus.  Ve  obtain  as  a necessary  condition  at  the  end  of 
the  steady  zona 

a result  which  has  also  been  obtained  by  Brinkley  and 
Richardson^  1®' . 

Returning  to  relations  (16  for  the  steady  zone,  we 
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note  ttet  preceding  result  naked  T^.  ^ dexsonisstor  ^ 
of  the  eoeprasionr  foa^«A^  and  & « Tanlah.  Zn  order  tc^ 

avoid  Blngtxlarltdee  Ixk  mee  a&ca  derivatlvea  the  xnipars*^  j 
tors  Bust  also  vanlshr  vhloh  req\iirea  as  an  additional 
eondition  at  the  end  of  the  ateady  zone 

* ■ ' ' i 

These  two  oquationsj  (19  and  (20  nay  ha  taken  aa  a general*  j 
^ed  atatefisnt  of  the  C-J  condition*  That  the  indeteroin*  | 
aey  of  (16  is  m it  ahould  he  ia  readily  appreoiated  from 
the  faot  that  (16  holds  for  the  apace  derivatives  in  both  I 
dlrsotiosLS  at  the  end  of  the  steady  aoM*  The  indeteiraln- 
aoy  thus  pemlta  these  derivativea  to  he  dlaoont-inuous  at  i 
the  end  of  the  steady  Bone«  and  .In.  particular  allows  the 
derivativea- on  the  non-ateady  aide  to  he  time  dependent. 

• Qldsrly  (20  is  satisfied  if  all  the  rate  fusstions 
taalshj 

0«  J • ••  • Tf  (21  i 

oorreapondlng  to  inotantaneous  ohemioal  equilihrlua.  ThiiS  ' 
eeupled  with  (19  oorresponda  to  von  Keusann's  normal  0-J 
eonditlon.  Zt  la  the  one  in  eoBson  use;  see^  e.g«  Lewis 

and  fflaaf j papers  hy  Xlotiakovaiiy  and  oo-voyker8(^\* 


I 


I 

i 
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*Zt  oey  be  noted  that  the  C-J  condition  used  by  these 
Investigators  actually  Impllee  the  use  of  o^^  although  it 

has  apparently  been  regained  aa  an  approaicntion  to  a ' 
sound  speed  defined  hy 

..„„.:.V-§sikS:&£:-L:®Jl 

Ve  note  that  (18,  (19,  and  (21,  with  the  equation  of  state 
taken  asB-iB  (X«p  tV)*  constitute  r •••  4 equations 
for  the  r 4>  4 uxi^owna  D,  p,  v,  u,  and  X • Thus  we  may 
expect  to  he  able  to  solve  theta  for  D and  the  state 
variables  at  the  er  1 of  the  steody-zone.  Of  course,  in 
actual  praotloe,  rusher  than  (21  one  uses  the  ordinary 
relations  for  ohemioal  equilibrium 
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It  Is  also  poB«me  for^t  ‘®  vanish  vltdi  sow 
or  all  r non-vanlahtng»  <ltua  soaa  oT  the  beeottins 
negative  for  conceivably  some  oT  the  this  c^  rreaoorvia 

P?<=hologlcal  case.  In  thiTSal,-^ 

equations  to  detenalns  D and 
variables  by  eliminating  it 
n?om  C16c,  obtaining,  r - 1 eqjiatlona  ^ ^ 


d>j 
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T?®?S  seated  by  use  of  the  initial  conditions 

?bfcA?«  ^23,  (19,  and  (20  we  then^ 

obtain  r + 4 equations.  In  general  such  a calculation 

^diti^  Icnowledge  of  the  rate  functions  rJ»  la> 

thermodynamic  data;  this  Is  to  be 

tlon  sufflr.f^n  'PV.A'M  _ 1^^^^ oroa 


JI — mi.  ..w*u»**  vcwc,  wuwre  i^ne  xa^uer  infi 

tlonsirff  Ices , There  might  even  be  multiple  zeros  of 
<r*^r  * in  which  ease  the  C**J  condition  Is  ambiguous. 


^ olnzle  reaction  the  analyato 
J iittle  further:  the  particular  case  In 
which  might  become  negative  while  n is  positive « tis. 

r«ttaln^  negative,  so  that  the  C-J  point  would 
to  p - o,  can  be  eliminated.  It  liT^ 
^hsonable  assumptions  concerning 
It  thermodynamic  variables,  ttiS* 

It  la  Impossible  for  to  vanish  under  these  conditions* 


^Iso,  for  the  case  of  a single  reactions  the  relation 

Neumann *3  discussion  of  the  patho- 
logical case.  In  terms  of  the  envelope  to  the  family  of 

paraaeter  \ , is  readily 

Elven^l?^rio^  equivalent  expressions  for  <r 

given  ^ (10a.  pa  this  case  also,  the  calculations  of 

P«rfoniie(l  In  the  pathological 
CMO  Jn  the  absenoe  of  detailed  knowledge  of  the  rate 
fimctlohj  s^ce  (20  reduces  to  o,  which  la  a purely 
Mermo^naalc  relation.  It  Is,  of  course,  necessary  to 
know  what  reaction  is  Involved.  ^ 


No  ea^ple  of  a pathological  detonation  Is  definitely 
toown.  From  (10a  it  la  clear  that  a negative  «5^  requires 

JJa  ^ endothermic  reaction  under 

the  local  conditions.  Thus  the  possibility  of  pathological 
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bshaviwc^  may  arliia«  foir  liiatanea^  In  gaseoua  detonationd 
not  too  strongl^r  axothoxv^o  Involving  an  over-all  mol* 
deorement,'  or  la  in^  uhloh  an  exothermio; 

reaction  la  auooeeded  by  an  endothermlo  o/na,  possibly 
involving  a mole  decrement.  In  condensed  ejq^sives  the 
situation  is  considerably  obscured  by  iincertalnties  in 
our  pxsBsent  knoHledge  of  equations  of  state « not  to  meii>^  . 
tlon  klnetiaft.  Jl  posalhan  exaapla  olg^t  oacur  in.  tha  css* 
of  aluminized  explosives* 
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■THE  KEASUREMBHT  CSAHttlT- JOOBCET  PRESSURE  mi  EXPWSTVSS 


W.  E.  Deal,  Jr, 

Los  Alamos  Scientific  Laboratorjr 
Los  Alamos,  Ncv  Mexico 


BASIC  PRINCIPias 

A steady-state  plane  detonation  vave  has  been  shown  by 
von  Kavssann  (l)  to  consist  of  a shock  followed  hy  a reaction  zone  of 
decreasing  pressure  terminating  at  the  Chapman-Jouguet  (C-J)  plane. 

The  unsteady  flow  behind  this  plane  of  complete  reaction  has  been 
described  by  Taylor  (2);  such  flow  is  essentially  a rairefacxion  wave 
centered  at  the  rear  of  the  explosive.  Tue  generally  accepted  picture 
of  the  pressure  profile  of  a detonation  vave  is  thus  much  like  that  of 
Figure  1. 


DISTANCE 


Figure  1 - Pressure  Profile  of  a Detonation  Wave 

When  such  a wave  impinges  upon  an  inert  material  ir.  contact 
witn  the  explosive,  the  wave  transmitted  is  a shock  followed  closely 
by  a steep  rarefaction  which  is  in  turn  followed  by  a more  gradual 
rarefaction.  As  this  wave  travels  thru  the  material,  the  steep  rare- 
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faotioB  ofVttrtates  a&d  deatroj's  tlMt^ 
portion  of  the  wave  eorreeponding 
W^Uio-  rm  Hmauum  apUee.  Then  in 
tether  travel  tho  ■rterial 
the  rarefaction  eorreap^  dug  to 
the  Taylor  wave  gradoaliy  re^hiee* 
the  pressure  of  the  renaining  shook  > 
Aront.  Also,  a shook  or  rar^aotior 
ta  lofleeted  bade  Into  tho 
If  the  pressure  of  the  shock  front 
in  the  iskert  material  is  plotted  as 
a fbnotion  of  material  thlokness,  a 
curve  such  as  Figure  2 results. 
of  this  figure  corresponds  to  the 
pressure  at  the  end  of  the  reaction 
aone  In  the  explosive  (the  0^ 
pressure).  Since  in  these  expert* 
monts  the  effects  of  the  von  Neuasnn 
cpike  will  have  bacoae  attenuated,  vs 
can  limit  theoretical  consideration 
in  a aisepln  wave  rising  only  to.  the 
Ghapman-Jouguet  pressure.  If  pressure 
and  particle  valoclties  are  equated 
acrosa  the  interface  o'otaina.the 
equatloni 


Figure  2 * Shook  Front 
Pressure  as  a Function  of 
Material  Ihiehneas 


^o~i  /^Ot+Z^p? 

Here, 


Pq.j  Is  the  Chapaan>^ouguet  pressure  In  tike  detonation, 
Pg  is  the  pressure  Induced  iq  the  Inert  materials 


The  ^ ' 8 are  densities,  end 


the  D'a  are  shock  (or  detonation)  velocities  which  are 
particularised  by  the  subeoriptsi 


i referring  to  conditione  behind  the  incident  front 

T referring  to  conditions  behind  the  reflected  front 

t referring  to  conditions  behind  the  transaitted  front. 

Conditions  in  front  of  these  waves  are  referred  to  by  a superscript 
zero  accompanied  by  the  appropriate  subscript.  All  vslocities  are 
neaskUNjd  relative  to  tha  fluid  in  front  of  them. 

If  the  further  approximation  inter- 
lace equation  can  be  vrlttens  ^ 


-23XL, 


. /t  ^ 


C-^^  j^reaaoTft  is  than  deternlned  ainoa  /02  and  ar»  thfr  aiaplj 
Bwasurable  Initial  danaitlea  of  the  material^and  exj^oaiye,  D|'  ia  the 
readily  aeaaurable  detonation  velocity  (0>  and  and  are  avail- 
able from  equation  of  atate  data  if  one  hydrodynaoie  variable  of  the 
C-J  state  ia  loeasured.  (5).  The  qinantity  eatabliahed  in  these  experl— 
aanta  vtaa  tha  fxraa-auxfaea  valodiy  ^ in.  figure  2^ 

in  alternative  method  which  also  ignores  ^e  presence  of  the 
spike,  but  tends  to  minimize  the  effect  of  the  reflected  wave  into 
the  explosive  is  to  establish  Pa  and  the  corresponding  peurticle 
velocity  for  each  of  several  materials  of  different  shock  impedance. 
These  define  a curve  in  the  pres sure -particle  velocity  plane.  This 
curve  must  pass  thru  the  C-C  point  since  it  la  really  the  locus  of 
all  possible  shocked  and  rarefied  states  (for  one  direction  of  wave 
travel)  for  the  reacted  explosive.  F^oa  the  conservation  equations 
one  can  write t 


▼o-Vd 


where  7 ia  specific  volume  and  the  subscripts  d and  o refer  to 
initial  conditions  and  conditions  immediately  behind  the  detonation 
fronts  respectively’.  Thus,  a»  shown  by  von  Neumann  (1)  and 
illustrated  in  Figure  3,  is  the  slope  in 


Figure  3 - The  Detonation  Process  In  the  Pressure-Volume  Plane 

the  preasure-volumo  plane  of  the  line  containing  both  the  spike  peak 
point  and  the  G-J  point.  One  may  also  write  from  the  conservation 
equations I 

Pd 


I 


QmlI 


where  u is  the  paiiilcle  velocity'  behind  a-  shoei-c  movic^f  Into  a:  atatloa.- 
ery  medixm.  Ihe  etrsight  line  in  uhe  pressure-particle  velocity  plane 
psseinsf  thru  the  origin  end  of  slope  />qD  must  then  also  eontein  the 
C-J  point.  Hence,  the  intersection  of  the  experimentally  defined 
cttnre  and  the  tip  line  amst  be  the  C-J  point. 


EXPERIMEWPAL  TECHNI 


The  value  of  free-surface  velocity  corresponding  to  foe 
a.  given  explosive  and  material  is  established  by  of 

surface  velocity  of  an  explosive-driven  plate  as  a fimctloo  tjf  pZatv 
thlcioissj' . These  velocities  are  measxired  photographically  oy  the  use 
of  a rotating  mirror  smear  camera  with  a writing  speed  of  3*2  raa/usec 
A Lucite  DlocK  asaemoly  like  that  of  Figure  4 Is  placed  with  tfo 


Camera  View 


3 Mil  Steel  Shlma 


Figure  4 - Lucite  Block  Ajsembly 


two  outer  shims  adjacent  . to  the  surface  to  be  studied.  This,  is  then 
viewed  by  the  camera  thru  a slit  parallel  to  the  long  axis  of  the 
Lucite  piece  and  swept  on  the  film  in  a direction  perpendicular  to  the 
slit  image.  When  the  explosive-driven  plate  on  which  such  an  assembly 
is  placed  begins  to  move,  the  argon  gaps  near  the  surface  are  closed 
first  and  yield  a hrilliant  flash  of  light  of  short  duration.  I'/hen 
the  free  surface  moves  the  distance  d,  it  closes  the  central  gap  and 
yields  another  flash  of  light.  The  gaps  and  shims  are  made  as  nearly 
identical  as  possible  by  machining  with  a single,  shaped  cutter  and 
using  pieces  of  shim  cut  from  the  same  piece  of  stock.  Good  contact 
of  shim  and  plate  are  assured  by  holding  flatness  tolerances  over  the 
contact  surfaces  to  0.0001".  Identity  of  the  central  eind  side  gaps 
closure  tlmea  is  readily  established  by  a simple  argument. 


A print  or  a resulting  camem  record  is  shewn  as  Figure  5- 


y 

{ 


{ 


Ti^pire  $ « SaeMr  CamsrA  Record  for  « Luelta  ELodc  Aiaeafbly. 

Time  Znereaaes  Dovnvard. 

Such  reccrdB  are  read  ii±th  a ecopar&tor  and  plotted;  Interpolation  of 
the  two  side  tracea  ylelda  a tlae  of'  departure  of  the  central  free- 
Burface  which  along  with  the  central  arrival  trace  gives  a transit 
tloe  and.  hence  velocity  thru  the  accurately  neasured  depth  of  the  vtep*  ' 
Depths  of  steps  In  the  Luclt?  hlcdui  are  chosen  such  that  there  la  not 
tljns  for  the  second  shock  arising  free  the  rarefaction  reflection  at 
the  explosive  Interface  to  return  and -affect  the  free-surface  velocity.  ‘ 
Also  the  step  widths  of  Lucite  blocks  she  chosen  so  that  the  central 
trace  can  not  he  affected  hy  dlsturhancos  of  the  plate  motion  hy  parta 
of  the  block  contacted  earlier  by  the  plate.  Up  to  twelve  such  Lacite 
blocks  2^**  X 1"  X may  he  placed  on  an  apprppriatfely  machined  plate 
to  get  free-surface  velocities  for  twelve  plate  thicknesses  freo  a 
single  10”  dlsneter  charge. 


DATA  AND  RESULTS 


Charges  of  TNT,  Ccai5)OBltion  B,  75/25  Cyclotol,  and  RDX  were 
Btvjdled.  The  TOT  charges  were  In  the  shape  of  tru  ~ted  cones  8?. 
thick  with  8 3/8"  diameter  at  the  small  end  and  L_  diameter  at 
the  large  end.  These  were  pressed  without  a hinder  to  99.1^  of  crys* 
tal  density  fran  a granular  TOT  of  about  400  /x  median  particle  size. 

The  TOT  charges  were  detonated  on  the  small  end.  All  cheu-gea  were 
detonated  hy  plane  explosive  lenses  of  8"  aperture.  The  opposite  sur- 
faces were  placed  against  the  test  plates  with  a thin  layer  of  min- 
eral oil  filling  arty  gaps  due  to  machining  tolerances.  The  Compos  it  fco 
B and  75/25  Cyclotol  charges  were  8"  thick,  each  made  up  of  two  10"x 
10"x4"  blocks  of  cast  material.  The  Cfmq)oaltlon  B was  64.7^  RDX  with 
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spread  of  1.5?^  vtthla  a piece.  Ifie  75/^  Qyelotol  vas  77>0^  ^U3X  vltb^ 
* spread  of  vithln  a piece.  These  cocq:>oeitl«a»  were  based  upon 
senplea  talsen  frcn  similar  castlags.  The  RDK  charges  were  6"  thick 
up  of  two  cylinders  6^  in  diameter  and  3*^  thidc  pressed  (6)  vitli* 
ont  a binder  to  9T*7^  of  crystal  density  from  a granular  HKC  of  100/t 
aediaa  peurticle  sine. 

Tables  I thru  IV  are  listings  of  the  free-surface  velocity 
and  thickness  data.  These  sre  plotted  on  Figures  6 thru  9* 


'.(l 

v-l 

'*1 

^•1 


i 

I 


‘*1 


I-  ^ •."“  ' 

T -^S  . ( 

1K^\  ! 


Tibl»  Z* 

Pressed  TRT  e&  Dural  Plates 


Shot-  Wo.  2. 

charge  density  1.640gn/ce. 
plAte  density  2.793 


plate 


flree-surfae* 


.069" 

.094 

.119 

.144 

.194 


.294 

.344 

.394 

.444 


2.473aro//i8ec. 

2.454  * 

2.421 

2.419 

2.372 

2.3^9 

2.360 

2.348 

2.3:)0 

2*3^ 


Shot  Ko.  3 

charge  density  1.639gm/cc. 
plate  density  2.793 


piste 

thickness 

.074" 

.099 

.124 

.149 

.199 

.249 

.299 

.349 

.399 

.449 

.474 

.493 


free-aurfactt 

velocity 

2.417 

2.400 

2.362 

2.344 

2.307 

2.319 

2.319 

2.317 

2.306 

2.324 


Shot  lb.  r 

charge  density  1.6399"*/^^* 
plate  density  2.793 


plate 

hlckxw 

1 l^e-eurfhet 

.069“ 

2.494nin//it 

.094 

2.466 

.119 

2.414 

.144 

2.4af 

.1^ 

2.373 

' .2W 

2.339 

.294 

2.340 

.344 

2.309 

.394 

2.296 

.44V 

1 2.310 

.4^ 

2.309 

.493 

2.319 

Shot  Kb.  4 

charge  density  1.640gm/cc. 
plate  density  2.766 


plate 

thickness 

.979” 

.979 

.979 

.979 

.979 

.979 


free-surface 

velocity 

2.2d7Ma/itse 

2.314 

2.273 

2.285 

2.284 

2.287 


227!?8?19S*?^' 


WtHm 

Conpccttloa  ft  oa- 


n 

niMLX  pii«*» 


diarffB  dtoutfCy  X.Tnjpu/oc. 

plftt«  duality  2*793 


thiekndsfl 

jmr 

.207 

.123 

.1^ 

riSTf 

.199 

.300 

.399 

.400 

.500 


rtt-curriM 

yttloeitgr 

3.3?W. 

J-3^ 

3.358 
3.332 

3.359 

3.320 

3.343 

3.324 

3^ 

3.304 

3.245 


SbotSa^T 

charge  deneity  1«711  gu/ee. 
t>late  denalty  2.795 


plate 

thlckneae 

.100" 

.143 

.200 

.251 

•296 

.346 

.400 

.450 

.5OC1 


ree-eiuraoe 

velocity 

3. 3:>7W 
3.322 
3-^ 
3.278 

3.262 

3.236 

3.206 

3.207 
3.174 


Shot  !fo.  9 

charge  density  1.713  ga/c^* 
plate  denalty  2.y88 
plaie  j rree>8urjfa(M 
Icknees  velocity 


plate 

thickness 

.964" 

.964 

.964 

.964 

.964 

.964 

.964 

.96^ 


3.097»n/M**^' 

3.129 

3.116 
3.172 

3.117 
3-145 
3.161 

3.097 


SMit  X6.  6 

Charge  diftBeSt^I.TX?Sli^M* 
plate  dene ltj^2. 793 


plat4 

thxeknaes 

.071* 

.096 

.125 

.151  , 
.200/ 
.200 
.249 
.299 
.400 
, .401 

/ .450 
.482 


velocity 

3.4llna/|t 

3.4i8 

3.3^ 

3.366 

3.346 

3.322 

3.299 

3.273 

3.2^ 

3.253 

3.229 

3.226 


Shot  Iky,  6 

charge  denalty  I.7II  g)oa/oe. 


plnte  denslta 
plate 
thlckxxeae 
.075” 

.100 

.125 

.150 

.200 

.250 

.300 

‘2oo 

*450 

.475 

.495 


ree-surfaoe 
velocity 
3.44300/ Mee<^. 
3.411 

3.393 

3.352 

3.324 

3.295 

3.29a 

3.265 

3.267 

3.263 

3.229 

3.247 


ari 


•-:■•  1 


'»^r— • 


Tithltf  ZV.. 

REK  OQ  Ooral.  Fist## 


Shot  Sa.  IS 
efaorgiB-dnvttsr  I.TS? 
plote  detnfllty  2.790 


plato. 

thldmew 


.lOl* 

.201 

.301 

.400 


Shot  So.  17 

ehargo  density  1.764  0s/ee. 
plate  density  2.790 


plate 

thlcknesa 


free-eurfaoe 

veloolty 


.101" 

.201 

.300 

.498 


3. 59300/ tt  830  < 

3.471 

3.W3 

3.^ 

3.469 


Shot  Ko.  19 

charge  density  1.759  0)^oe» 
plate  density  2.790 


plate 

thickness 


free -svirf ace 
velocity 


.99^ 

.999 

.999 

.999 

.999 


3.251ssn/aseo« 

3.289 

3.293 

3.307 

3.283 


Shot  Ss.  ZS 

ebarge  deaetty  1.760  y^/ee^ 
plate  density  2.790 


free-eurfaee 

plate 

velocity 

thickness 

3. 565110/ usee. 

.100" 

3.495 

.201 

3.473 

.300 

3.458 

.401 

A93 

free-surfaoe 

velocity 


3‘6lQm/ft  sec. 


3.489 

3.454 


3.454 

3.469 

3.487 


Shot  BO.  Id 
ebarge  density  I.763 
plate  density  2.790 


plate 

thioknois 


free -eurf ace 
velocity 


.100" 

*201 

.300 

.4^ 


3.57800/^000* 

3.481 

3.468 

3.463 

3.449 


\ * % » » 


Shot 


Free -surface  Velocity  - mm/^sec 


Wi*  TRE  data  shew  definite  evidence  of  the  presence  of  a spikfl 
lathe  exploftlve.  Sufficiently  thin  plates  vere  not  used  for  the  obhei 
exploslvee  ta  8hc»  the  spike  ^ Linear  least  squares  fits  mads  to  the  ^ 
data  for  plates  thicker  than  ar2‘*  for  TI3T  and  for  all  data  for  the 
other  explosives  yield  the  slopes  and  intercepts  of  table  five.  The 


Table  V. 


Exnloslve 


Intercept  - m/^sec.  I Slope  - mniy^setx-iiich 


TWr 

Composition  B 
7t>/25  Cyclotol 
RDX 


?,35^  ±-(y.30^ 

3.389  0.22^i 
3.53^  0.18?S 

3.582  0,Zli 


0.07a  ±‘ir.3^ 
0.287  5.6^ 
0.276  ^.2% 
0.295  6.9^ 


errors  quoted  are  standard  deviations.  A linear  least  squares  fit  to 
the  TNT  data  for  plates  thinner  than  0.2"  gives  an  intercept  of 
2.526  nan/ ^ec.  and  a slope  of  0.8l9ttn//i sec. -inch.  Tnis  intercept 
corresponds  to  a spike* preasui-e  of  0.194  megabar.  The  intersection  of 
the  spike  line  and  that  of  table  five  for  TNT  gives  a free-surface 
velocity  (til)  from  which  % can  be  deduced  and  C-J  pressure  calculated. 
The  use  of  linear  fits  to  the  data  Is  justified  only  by  the  relatively 
small  deviations  of  the  data  (see  Figures  7 and  6 ) fresa 

straight  lines.  Ihe  use  of  xhe  extrapolated  velocity  to  get  spike 
peak  pressure  for  TNT  la,  however,  highly  in  question.  Since  the  splka 
decay  thickness  for  each  of  the  explosives,  exclusive  of  TOT,  is  cer- 
tainly less  than  0.1'*,  less  than  Ijt  error  is  Introduced  by  using  the 
Intercepts  from  Table  V for  the  values  of  l^jj,  Thxis  the  C-»T  'oressures 
of  Table  VI  follow  from  the  Interface  equation.  Velocities  in  the- 


Table  VI, 


\ ■ 
i . 

Uo 

2.338 

3.389 

[Z  1 J/C.) 

3.534 

1 

i 

\ 

Dm 

6.961 

7.646 

7.733 

i 

Pm 

0.2244 

0.3562 

0.3753 

2.792 

2.792 

2.792 

V 

1.64o 

1.712 

1.7'+3 

i 

D< 

6.951 

8.022 

8.252 

0.178 

0.293 

0.313 

3.582 


0.3817 


2.790 


1.762 

8.622 


0.325 


table  are  in  mm/ /t sec.  and  pressures  are  in  megabars.  The  !?.etal  pres- 
sures quoted  are  thought  to  be  accurate  to  1^. 

Other  work  is  in  progress  to  obtain  these  C-J  pressures  using 
othir  materials  so  as  to  clear  up  the  uncertainty  regarding  disturb- 
ances reflected  back  Into  the  explosive. 
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MEfiSURSffiKT  OF  TEE  CKftPP5ATr-JOUGlJi7r  PRESSURE  AND 
REACTION  2JONE-  ISKGTK  IN  A DETONATINa  HIGH  EXPLOSIVE 


Russell  E.  Duff  and  Edwin  HouB'*cott 
Los  Alamos  Scientific  Laboratory 
Loa  Alamos > New  Hexico 


INTRODUCTICW 

In  1945  Goranson^^^  suggested  that  the  reaction  zone 
of  a detonating  solid  explosive  could  be  investigated  by 
determining  the  initial-  fr^e  surface  velocity  Imparted  to 
thin  metal  plates  as  a hirotion  of  plate  thickness.  In 
particular  he  showed  that  reaction  zone  length  and  Chapman- 
Joiiguet  pressure  could  be  estimated  in  this  way.  Unfortu- 
nately, the  original  results  obtained  by  Goranson  are 
available  only  in  a classified  report  from  this  laboratory. 
This  paper  describes  similar  but  improved  theoretical  and 
experimental  results  obtained  during  and  since  1950. 

THEORY  OF  THE  EXPERIMENT 

The  generally  accepted  picture  of  the  struct^ire  of  a 
steady  state,  plane  detonation  wave  was  proposed  independ- 
ently by  Zeldovichv^i  ^ von  Neumann(3)  and  DdrlngC^:)  . The 
wave  is  assumed  to  consist  of  a non-reactlve  shock  followed 
by  a steady  state  reaction  zone  which  is  term-lnated  at  the 
Chapman -Jouguet  surface  where  the  local  flow  velocity  plus 
sound  speed  equals  the  detonation  velocity.  It  can  be 
shown  that  this  condition  is  fulfilled  at  the  point  of 
tangency  in  the  p-v  plane  of  a straight  line  from  the  ini- 
tial state  to  the  final  Hugoniot  curve  calculated  for  a 
fixed  composition  of  the  product  gases,  (More  specifical- 
ly, the  C-J  point  la  the  tangent  point  on  a Hugoniot  curve 
for  the  product  gases  whose  ccrposltion  is  assumed  fixed 
at  the  equilibrium  values  appioprlate  for  the  tangent 
point.  The  relation  of  this  statement  of  the  Chapraan- 
Jouguet  condition  to  the  usual  statement,  namely,  that  the 
C-J  point  is  the  tangent  point  on  a Hugoniot  every  point 
of  which  is  in  chemical  equilibrium,  is  not  clear  at  the 
moment  because  of  uncertainties  in  the  equation  of  state 
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of  the  detonation:  products.  The  former  s tat e&ent  can  be 
derived  from  a recent  theoretical  inveetlgatlon  of  the 
structure  of  a steady  state,  plane  detonation  wave  by 
Kirkwood  and  Wood,  J.  Chem.  Phya. , (19S4).  It  should  be 
jaenticNced  that  this  statement  of  the  C-J  e^iditlon  hds  be^ 
shown  to  apply  to  all  detonations  which  are  not  pathologl  •. 
cal  In  the  von  Neinaann  sense.  Finally,  no  pathological 
detonation  has  yet  been  observed.)  Figure  1 shows  a re- 
presentation of  the  detonation  process  in  the  p-v  plane. 
Beference  to  the  lavs  of  cfXRsmvatSco.  of  mass  and  mosBentese 
shows  immediately  that  if  viscosity  and  heat  conduction 
are  neglected,  the  succession  of  state  points  assumed  by 
the  reacting  explosive  is  represented  by  the  straight  line 
from  PiVi  to  the  C-J  point.  The  rate  at  which  an  element 
of  explosive  passes  from  p^Vi  to  the  C-J  state  depends  on 
the  kinetics  of  the  reactions  involved  and  cannot  be 
determined  from  hydrodynamic  considerations.  It  follows, 
therefore,  that  the  pressure-distance  profile  of  a detona- 
tion wave  consists  most  probably  of  a monotone  but  other- 
wise unspecified  decrease  in  pressure  from  Pi  to  Pq_j  in 
an  unspecified  distance.  Two  prof  ilea  often  consiaered 
are  shown  qualitatively  in  Figure  2,  They  correspond  to  a 
reaction  rate  determined  by  grain  burning  and  to  a rate 
determined  by  a first  or  second  order  adiabatic  reaction 
of  the  Arrhenius  type.  The  unsteady  flow  behind  the 
Chapman-Jouguet  plane  has  been  investigated  by  Taylor' 

This  flow  may  be  simply  described  as  a rarefaction  wave 
ending  either  in  cavitation  or  In  a steady  state  region 
required  to  match  boundary  ctnditlons  at  the  back  boundary 
of  the  explosive  products. 

Uhen  a plane  detonation  wave  is  Incident  normally  on 
a metal  j^late,  a shock  wave*  is  transmitted . into  the  metal 
which  is  follov.’ed  by  a rarefaction  wave  corresponding  to 
the  pressure  drop  In  the  reaction  zone  of  the  explosive. 

The  foot  of  this  rarefaction  wave  will  travel  with  a velo- 
city equal  to  the  sura  of  the  local  flow  velocity  and  sound 
speed.  It  will  overtake  the  shock  in  the  .jetal  after  the 
shock  has  been  attenuated  by  the  rest  of  the  rarefaction 
wave.  The  strength  of  the  shock  wave  will  decrease  rela- 
tively quickly  as  this  interaction  proceeds  because  of  the 
small  thickness  of  the  reaction  zone.  As  a result,  the 
velocity  Imparted  to  a thin  metal  plate,  v;hlch  depends 
directly  on  the  strength  of  the  shock  in  the  plate,  should 
change  with  plate  thickness  qualitatively  as  shown  In 
Figure  3. 

It  has  been  shown  that  to  a very  good  approximation 
the  shock  particle  velocity  of  a metal  In  the  high  explo- 
sive pressure  range  is  one -half  of  the  free  surface 
veloclty^o).  This  fact  makes  it  possible  to  determine  the 
Chapman-Jouguet  pressure  in  the  explosive  from  the  free 
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surface  velocity  of  a metal  plate  corresponding  to  the  end 
of  the  interaction  caused  by  the  reaction  sone.  This 
v^oolty  is  V in  Figuz*e  3.  An  ims:sdiate  consequence  of  the 
laws  of  conservation  of  mass  and  momentum  is  that  the  pres-' 
sure  behind  a shoclr  wave  moving  into  a medium  at  rest  is 

P « p*tt  P (1 

where  p*  is  the  density  of  the  iinshocked  material,  u is 
tha  shoclc,  particle  velocltor,  axid.  XL  i&  the  shoclc  valooitgr» 
In  all  of  the  experiments  discussed  in  the  next  section 
the  metal  used  was  aluminum  or  dural.  For  these  materials 

Walsh^®)  has  determined  experimentally  a relation  between 
shock  velocity  and  free  surface  velocity  in  an  investiga- 
tion of  the  equation  of  state  of  the  metals.  The  pressure 
in  the  metal  can  therefore  be  determined  from  the  measured 
metal  density,  the  free  surface  velocity,  and  this 
relation. 

By  applying  bhe  usual  boundary  corditlons  of  equality 
of  pressure  and  continuity  of  flow  velocity  at  the  inter- 
face between  explosive  and  metal,  the  following  expression 
can  be  developed  relating  Incident  pressure  in  the  explo- ' 
slve  to  transmitted  pressure  in  the  metal. 


The  subscripts  1,  t,  and  r refer  to  properties  of  the 
material  In  which  the  wave  Is  respectively  incident, 
transmitted,  and  reflected  in  this  case  the  \indetonated 
explosive,  the  metal,  and  the  explosive  products..  The 

superscript  * refers  to  properties  in  front  of  a shoeSr 
wave,  D refers  to  shock  velocity  relative  to  the  medium 
ahead  of  the  wave.  The  pressure  in  the  explosive,  p^,  can 

now  be  calculated  if  p*jPj^  is  known.  An  error  analysis  of 

this  relation  shows  that 

If  the  acoustic  approximation  is  made  that  ■ PjPr 

and  values  appropriate  for  Composition  B (nominally 
60^  RDX  - 40%  TNT)  are  inserted,  then 


Thus  it  is  clear  that  the  Chapman-Jouguet  pressure  is 
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quite  inaensitlve  to-  the  value  of  asetuDed,  Further-  : 
Kore,  the  acoustic  approzliaatlon  is  correct  insofasr  as  the  ] 
velocity  of  the  reflected  ahock  can  he  assmaed  eqpal  to  { 
the  velocity  of  a rarefaction  wave  in  the  product  gases.  | 
Therefore  j to  a good  approxlnation 


An  estlnate  of  the  reaction  zone  length  can  he  Bade  ] 
from  a determination  of  the  distance  required  for  the  end  I 
of  the  rarefaction  corresponding  to  the  Chapman-Jouguet  j 
plane  to  overtake  the  shook  wave  in  the  xuetal.  This  dis- 
tance is  b in  Figure  3.  If  it  is  assumed  that  the  metal  | 
is  a perfect  impedance  match  to  the  explosive  so  that  no  | 

wave  is  reflected  hack  into  the  explosive « an  z-t  repre- 
sentation of  the  interaction  will  he  as  shown  in  Figure  4. 
The  interface  is  initially  assumed  to  be  at  x « 0.  A deto- 
nation wave  comes  in  from  the  left  with  a velocity 

The  reaction  zone  length  is  a.  The  velocity  of  the  inter- 
face through  the  reaction  zone  is  JL  the  shook  velocity 

in  the  metal  is  P^«  and  the  velocity*  of  the  foot  of  the 
rarefaction  wave  Xs  -f  o^.  and  JL  will  vary  as  the 

interaction  proceeds.  The  values  used  in  the  formula  be- 
low and  those  indicated  in  Figure  4 are  the  appropriate 
average  values.  As  long  as  the  flow  behind  the  shock  can 
be  considered  iscntropio  (a  good  approximation)  + o^ 

depends  only  on  pressure  and  is  the  value  corresponding  to 
the  C-J  otace  transmitted  into  the  metal.  Simple  analyti- 
oal  geometry  leads  to  the  following  relation  between  the 
reaction  zone  length  in  the  e^losive  and  the  interaction 
distance  in  the  metal. 

a - b [ D^(ut  + O4  - D^)  (1  - A j[pt(v4.  + 0^  (4 

The  appropriate  average  value  of  can  be  determined 

from  the  froe-surface-veloclty/plate-thickness  relation 
since  at  every  value  of  thickness  this  relation  gives  the 
corresponding  shock  velocity  by  using  the  equation  of 
state.  It  can  easily  be  seen  that  the  appropriate  average 
to  be  used  in  the  above  equation  is  the  inverse  average; 
l.e.  ^ 

"t  ^ (-B-  ^ (5 

Likewise  should  be  determined  from  a similar  inverse 
average  of  the  interface  velocity, 
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It  la  possible  to  calculate  In  detail  the.  free  sur- 
Tace  velocity  as  & functl(»v  of  plate  tMckneaa  by  using  | 
the  procedure  outlined  by  Courant  and  Friedrichs' * ) under 
the  aaaunptlon  mentioned  above  j namely^  that  the  flow  bs-  ] 
Mnd  the  idtoek  can  be  considered  isentroplc.  Ih  parties-  . j 
lar.  If  the  reaction  zone  rarefaction  and  the  Taylor  wave  ' 
are  both  aaaumed  to  be  centered  rarefaction  waves j and  if 
a ratio  of  explosive  charge  length  and  reaction  zone 
length  is  assume':^  the  ratio  of  slopes  of  the  free-surfac^ 
veloelty/thl  cknesa  curve  for  the  two  wares'  st  the  point 
corresponding  to  the  end  of  the  reaction  zone  can  be  cal- 
culated. This  ratio  la  about  25  If  the  charge  length  is 
200  times  the  reaction  zone  length  and  if  the  spike 
pressure  la  l.S  times  the  Chapman -Jouguet  pressure.  In 
practical  cases  the  ratio  of  charge  length  to  reaction 
zone  length  la  much  greater  than  200  so  the  change  of 
slope  would  be  even  larger  than  indicated  above.  This 
calculation  Justifies  the  sharp  change  in  slope  of  the  free- 
surf ace- velocity/plate -thickness  curve  shown  In  Figure  3. 

It  should  be  remembered  that  It  was  assumed  in  this 
calculation  that  the  reaction  zone  rarefaction  could  be 
approximated  by  a centered  rarefaction  wave.  However, 
most  reaction  rate  expressions  show  that  equilibrium  is 
approached  asymptotically  in  time.  If  such  expressions 
are  appropriate  for  solid  explosives,  and  there  is  no 
experimental  evidence  that  they  are,  the  ratio  of  slopes 
could  conceivably  approach  unity.  However,  the  long 
reaction  tad.!  predicted  by  these  kinetic  expressions 
corresponds  to  a very  small  percentage  of  the  total  deto- 
nation reaction,  and  a rapid  rate  of  change  of  slope  would 
be  expected  not  at  a plate  thickness  corresponding  to  the 
C-J  state  but  at  a thinner  one,  corresponding  to  essen- 
tially complete  reaction. 

EXPERIMENTAL  TECHNIQUE 

Free  surface  velocity  was  measured  by  recording  the 
time  of  arrival  of  the  metal  surface  at  a series  of  metal 
contactors  or  pins.  The  technique  used  is  identical  with 
that  described  by  Mlnshall(8).  In  these  experiments  two 
or  !:■  some  cases  four  velocity  measurements  were  made  in 
each  experiment  by  using  either  two  or  four  groups  of  pins 
each  consisting  of  six  pins  set  in  a -J-  in.  diameter  circle. 
The  spacing  betv/een  pins  measured  perpendicular  to  the 
free  surface  was  0,003  in.  for  the  thin  places  0.030  in. 
thick  and  under,  aoid  0.006  in.  for  all  thicker  plates.  A 
cross  section  through  a thin  foil  experiment  is  shown  in 
Figure  5, 

The  electronic  circuitry  used  is  indicated  in  Figure 
As  each  pin  Is  shorted  to  the  moving  plate,  a condenser  is 
discharged  through  the  network  producing  a signal  on  the 
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a.  0-60  pointed  steel  screws  used  as  surface  velocity 
pins. 

b.  Center  ground  contact  pin  also  used  to  hold  foil 
against  the  high  explosive 

c.  Texalite  pin  mounting  plate. 

d.  Aluminum  backing  plate  3^  in.  O.P.«  i in.  tMcle^ 

e.  Blast  shield  8 in.  O.D.,  3/8  in.  thick. 

f.  Aluminum  foil. 
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Pig.  6 - Electronic  circuitry  used  to  measure  free  surface 
velocity.  The  component  values  are  the  same  for 
all  circuits.  Resistance  values  are  ohms  and  ca- 
pacitor values  are  ufd  unless  otherwise  indicated. 
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OAcllloscope.  Successive  pine  have  alternate  polarities  ^ 
BO  that  an  ideal  record  would  reseu^le  t>.8  square  wave  Ini 
dieated  in  the  figure,  A tlaie  base  is  provided  by  a trac^ 
frcw  an  accttratalY  calibrated  50  negacjele  crystal  oscH-  i 
lator  displaced  slightly  from  the  velocity  record*. 


The  high  sx>eed  recordlx>g  oscilloscopes  used  in  these 
experiments  were  siznil^  to  the  system  described  by  the 
Radiation  Labors tciy  * A sweep  speed  oT  Id  Inr./^sec. 

was  used  and  twenty  thousand  volts  post  acceleration  was 
required  in  order  to  obtain  single  traces  intense  enough 
to  photograph  clearly  at  this  high  writing  speed. 


A photograph  of  a setup  ready  to  be  used  is  shown  in 
Fig\ire  7.  The  pxxlse-forming  networks  are  sealed  in  tha 
plastic  blocks  located  near  each  pin  group. 


Precautions  were  necessary  to  eliminate  two  possible 
sources  of  error.  The  shock  wave  in  air  preceding  the 
free  surface  was  strong  enough  to  discharge  the  pin  cir^ 
cults  before  tlie  arrival  of  the  surface.  This  difficulty 
was  eliminated  by  maintaining  a methane  atmosphere  around 
the  pins.  If  velocity  measurements  were  made  on  a 
machined  and  polished  surface,  the  first  several  pins  we 
often  discharged  prematurely  by  what  appeared  to  be  a fin 
spray  of  metal  Jetted  out  from  the  surface.  This  spray 
was  eliminated  by  using  unworked  surfaces  whenever  posslb 
and  covering  the  surface  with  a very  thin,  almost  invlsl 
coating  of  light  oil. 


EXPERIMENTAL  RESUITS 


Experimental  Data 


Thirty-three  separate  experiments  were  performed  in 
which  eighty-seven  measurements  of  free  surface  velocity 
were  made.  In  the  first  twelve  of  the  experiments  the 
metal  used  was  dural  and  in  the  remainder  pure  aluminum 
was  used.  V;al3hv®/  has  shown  that  the  particle  velocity- 
shock  velocity  relationship  is  identical  within  experl^ 
mental  error  for  both  metals.  The  explosive  was  Composi- 
tion B v/hlch  was  cast  into  large  blocks  and  then  machined  : 
into  pieces  5^"  x 5^“  x 3".  The  composition  and  density 
of  the  explosive  varied  by  roughly  2 percent  RDX  and 
.01  gm/cc  from  charge  to  charge  and  within  a given  charge. 
These  charges  were  prepared  in  1^50  and  are  not  of  as  high 
a quality  as  those  prepared  currently. 


All  of  the  experimental  results  were  corrected  to  thei 
following  standard  conditions;  metal  density  =2.71  gm/cc 
explosive  densioy  1.67  gm/cc.;  explosive  composition  63  pew 
cent  RDXj  and  detonation  velocity  7.868  mm/jAsec.  The  i 
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following  error  expression  waa  used  in  this  oorreotlc^ 


& u^- 
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In  most  cases  the  corrections  made  velocity  changes  of 
less  than  1 percent.  A random  error  of  1^  percent  is 
caused  by  the  composltloxi  and  density  fluct^ationii 
s given  charge.  The  average  values  of  the  velocities 
measured  are  presented  in  Table  I, 

TABI£  I 

Measured  Free  Surface  Velocity 
as  a Function  of  Plate  Thickness 


* k ■_» *  * 

-.V^V/kV 


c.' O < '< 
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‘ I 


*late 

Ihioknesa 

(In.) 

Average 

Velocity 

(mmAiaacV 

standard 
Deviation  of 
the  mean 
(mm/usec) 

Number 

of 

Meaffurements 

0.0085 

3.89 

0.34 

13 

0.016 

3.60 

0.26 

15 

0.021 

3.46 

0.25 

11 

0.030 

3.32 

0.10 

11 

0,048 

3.20 

0.20 

10 

0.057 

3.22 

Q.OZ 

2 

0.098 

3.25 

0.09 

6 

0»L5a 

3.04 

0.06 

. 4 

0.198 

3.11 

0.07 

6 

0.248 

s.(a 

0.09 

4 

0.200 

3.02 

0c04 

4 

These  data  are  also  precented  in  Figure  G. 

• 

Two  subjects  deserve  comment  before  conclusions  are 
drawn  from  these  data.  First,  the  standard  deviations  re- 
ported in  Table  I are  unfortunately  large.  However,  this 
large  standard  deviation  arises  mainly  from  a systematic 
source.  As  discussed  above,  velocities  are  determined 
from  measurements  of  position  and  time  of  the  metal  free 
surface  by  means  of  pins  set  in  a circle.  If  the  meteil 
surface  is  not  perfectly  plane  and  if  it  does  not  move 
perfectly  parallel  to  its  initial  position,  a systematic 
error  in  the  arrival  time  of  the  surface  at  each  pin  will 
be  Introduced  which  may  be  reflected  Into  the  surface 
velocity  as  determined  by  least  squares  techniques.  It  can 
be  shown  that  the  velocity  calculated  is  related  l;o  the 
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time  velocity  as  follows:  ^ 

V =-  V’calc  (1  + 5-^  ^ sin  ©) 

9 

Where  B is  the  radius  o£  the  pin  circle^  d Is  the  Incre* 
mental  pin  spacing,  4*  is  the  angle  of  tilt  of  the  surface, 

C is  a constant  =0.11  for  the  pin  geometry  used  in  these 
experiments,  and  0 is  an  angle  which  describes  the  orienta- 
tion, of  the  pin  circle  with  respect  to  the  tilted  wave.  A 
wave  tilt  <xt  ss-Buclt  G.03  radian  was  obaeirved  for  scsis 
of  the  charges  used.  Therefore,  this  cause  alone  could 
produce  a velocity  error  of  15  percent  in  plates  0,030  In, 
thick  or  thinner  and  7^  percent  for  thicker  plates.  ITor 
this  reason  many  measurements  were  made,  esx)eclally  on  the 
thinner  plates,  so  as  to  obtain  a reliable  vadue  for  the 
average  velocity. 

Second,  it  la  desirable  to  place  aill  of  the  pins 
close  enough  to  the  free  surface  so  that  the  velocity 
■measurement  can  be  completed  before  a second  disturbance 
arrives  at  the  surface.  This  was  done  for  all  but  the 
thinnest  foil.  One  might  expect  a weak  shock  wave  to  be 
the  second  dlsturbcince  to  arrive  at  the  surface  giving  it 
a small  Increase  in  velocity  at  about  the  middle  of  the 
velocity  measurement.  Examination  of  the  records  does  not 
indicate  a noticeable  increase  in  velocity.  However,  the 
velocity  associated  with  the  0.0085  In.  foil  may  be 
slightly  high. 

Explosive  Pressure 

Two  pressures  In  the  explosive  can  be  estimated  from 
the  surface  velocity  plot  of  Figure  8,  A least  squares 
straight  line  has  been  fitted  to  the  experimental  measure- 
ments at  thicknesses  greater  than  0,030  in.  Each  of  the 
average  velocities  was  given  a weight  equal  to  the  number 
of  measurements  Included.  A smooth  curve  was  drawn 
through  the  remaining  four  measurements  on  thin  plates. 

The  Chapman-Jouguet  pressure  can  be  determined  from  the 
free  surface  velocity  Indicated  by  the  intersection  of 
these  two  lines,  3.235  mm/usec. 

The  equation  of  state  data  of  Walsh^®)  for  aluminum 
has  been  analyzed  by  Flckett  (unpublished  communication) . 
An  analytic  form  of  the  equation  of  state  was  derived 
which  agreed  with  Walsh's  data  at  low  pressures  and  with 
Fermi -Thomas -Dirac  calciilations  at  high  pressures.  The 
following  fit  of  shock  velocity  as  a function  of  free 
surface  velocity  is  appropriate  for  the  pressure  range  of 
Interest  in  these  experiments. 

D = 4.8375  + 1.1235  u - 0.1095  0.0066  u^ 
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Ther<?f  ope , in  tbe  merbal 

Pb” 

» 2.71  X X 7.55  » 0.3309  megabar. 

In  the  explosive 

P(j-j  “ ^ 1^1  t^t^  M 0,272  megabar. 

t^t 

Thus  the  Chapman -Jouguet  pressure  in  Composition  B explo- 
sive containing  63  percent  RDX  at  a density  of  1.67  gra/cc 
Is  0.272  megabar.  This  number  Is  thought  to  be  correct  to 
within.  Z percent. 

The  extrapolation  of  the  free  surface  velocity  to 
zero  plate  thickness  in  what  is  thought  to  be  a reasonable 
manner  gives  a limiting  velocity  of  4.36  rm/yiBee,  Frfsm 
this  number  and  the  extrapolation  of  the  equation  of  state 
data  for  aliiminuni  made  by  Pickett,  a peak  pressure  in  the 
explosive  of  0.385  megabar  is  estimated  for  the  von  Neumann 
spike.  It  is  interesting  to  note  that  the  spike  pressure 
appears  to  be  only  1.42  the  Chapman -Jouguet  pressure.  It 
should  be  emphasized  that  the  extrapolation  to  zero  thick- 
ness is  only  what  appears  to  be  a reasonable  one.  There 
is  no  theoretical  Justification  for  the  assumed  form  of 
the  curve  because  the  form  depends  on  the  details  of  the 
chemical  kinetics  of  the  detonation  reaction  about  which 
essentially  nothing  is  known. 

Reaction  Zone  Length 

The  reaction  zone  length  was  calculated  from  Eq.  4 
using  a value  of  Dg  determined  from  the  experimental 
results  as  required  by  Eq.  5.  oL  was  determined  from  the 
two  values  of  interface  velocity  which  could  be  estimated 
from  the  experimental  data,  nar.iely,  the  initial  and  final 
values.  The  assumption  was  made  that  the  interface  velo- 
city changed  with  distance  in  the  same  way  the  shock 
velocity  did.  k value  of  u.^.  + was  obtained  from  the 

equation  of  state  calculation  for  aluminum  made  by 
Pickett.  The  actual  numbers  used  are  as  follows; 

= 7.868,  =s  7.771,  Uj^  + c^  = 9.065  mm/psec.  and 

= 0.232;  giving-^  - 0.1o9.  b was  estimated  to  be 

0.0385  in.  Therefore,  a = 0.005  in.  or  0.13  mm.  This 
estimate  of  reaction  zone  length  of  slightly  greater  than 
one  tenth  of  a millimeter  is  probably  accurate  to  v;lthln 
20  percent  except  for  the  possible  errors  discussed  below. 
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Two-  assimptions-  have  been  made  in  the  estimation  of 
reaction  zone  lengths  First j the /shock  wave  reflected 
from  the  metal  back.  irJ;o  the  exp3!osive  has  been  ignored^  ■ 
This  assumption  Is  questionable  because  the  changea  ia  • 
temperature  and  pressure  <^used  by  the  wave  may  decisively 
Influence  the  kinetics  ln(^he  as  yet  unreacted  explosive 
into  which  it  moves.  Therefore,  the  value  of  reaction 
zone  length  determined  ^ d probably  best  described,  as  a 
lower  limit  value,  x 

The  effect  of  this  reflected  shock  v;ave  on  the  deto- 
nation kinetics  and  reaction  zone  length  could  be  investi- 
gated by  varying  the^metal  used  in  experiments  of  this 
type.  In  particular,  the  effect  could  be  maximized  by 
using  a heavy  material  like  brass  which  has  a large 
acoustic  Impedance  and  mlnlm-'zed  by  using  magnesium  which, 
is  almost  a perfect  Impedance  match  for  Composition  B. 

The  second  assumption  concerns  the  shape  of  the 
reaction  zone.  The  experimental  results  have  been,  repre- 
sented b.\'  a profile  similar  to  that  of  a rai^efactlon  wave 
in  an  Ine... w material.  However,  as  discussed  above,  there 
could  be  a alcw  reaction  tail  which  would  cause  the  true 
reaction  zone  length  to  be  somewhat  longer  than  that 
indicated. 

CONCLUSIONS 

A conclusion  can  be  drawn  from  the  data  presented 
above  which  Is  fundamental  to  the  understanding  of  the 
detonation  phenomenon.  Namely,  the  experimental  results 
provide  powerful  confliTnatlon  for  the  hydrodynamic  theory 
of  the  detonation  process  proposed  by  Zeldovlch, 
von  Neumann  and  DUrlng.  In  fact,  this  is  thought  to  be 
the  first  experimental  evidence  published  which  directly 
verifies  this  theory  which  has,  however,  attair -d  almost 
universal  acceptance  because  of  its  hydrodynamic  complete- 
ness. 


The  Chapman -Jouguet  pressure  in  Composition  B explo- 
sive containing  S3  percent  RDX  at  a density  of  1.67  gm/cc 
was  measured  to  be  0.272  megabar.  The  reaction  zone 
length  for  the  same  explosive  is  0.13  mm, 
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Introduction 


The  hydrodynamic  concept  or  a steady  state 
detonation  with  finite  reaction  time  was  Independently 
proposed  by  Zeldovlch*^^ , von  Neumann(2)  and  DorlngC37, 
The  theory  describes  a detonation  wave  as  a non-reactlve 
shock  followed  by  a period  of  chemical  reaction  wjilch 
ends  in  the  well  known  and  generally  accepted  Chapman- 
Jouguet  condition.  This  theory  shows  the  pressure  level 
In  the  non-reactlve  shock  to  be  higher  than  at  the  C-J 
point  and  has  given  rise  to  the  concept  of  a pressure 
spike  in  the  detonation  head.  Prom  the  hydrodynamic 
theory  alone  one  can  say  only  that  the  pressure  decreases 
as  reaction  proceeds. 

For  detention  In  gases,  some  few  authors  have 
Insisted  that  reaction  does  not  begin  at  the  Initial 
shock  front  but  rather  that  It  Is  preceded  by  a steady 
Induction  zone  where  little  or  no  reaction  occvirs, 

Lewis  and  Von  Elbe(^)  state  "If  the  reaction  rate  la 
exponentially  accelerating,  (the  fraction  of  explosive 
reacted)  changes  Initially  very  little  and  the  pressure 
profile  la  very  flat  for  some  distance  behind  the  shock 
front.  In  then  drops  sharply  as  the  reaction  goes  to 
completion  at  a high  rate,  ' Flnklesteln  and  Gamow(5) 
and  KlstlakowskyCuJ  present  similar  views.  It  Is  the 
purpose  of  this  paper  to  present  evidence  that  the  steady 
state  detonation  of  TNT  at  various  bulk  densities 
confirms  the  hydrodynamic  picture  given  by. Zeldovich, 
von  Neumann  and  Dorlng,  and  that  the  views  quoted  above 
are  applicable  to  condensed  explosives  also.  Within 
the  limitation  of  experiments  to  be  described,  the 
data  show  the  detonation  head  to  consist  essentially  of 
two  separable  zones,  one  of  Induction  and  one  of  chemical 
reaction. 
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The  method  employed  Ip  this  paper  la  baaed  cm  the 
hj-drodynamtc  conditions  which  apply  when  a shock  crossea 
a boundary  between  twc  media « and  after  propagating: 
through  the  second  media j canaea  the  nearby  free  surface 
of  the  second  to  move  in  an  ensuing  rarefaction*  The 
translational  motions  of  shock  propagation  and  free 
surface  velocity  of  the  second  media  are  measured  by  a 
method  now  referred  to  as  the  pin  technique.  The  observa- 
tions made  on  the  second  medium  can  be  aiade  to  yield, 
pressure-density  data  for  the  explosive.  An  unexpected 
result,  for  low  density  charges,  was  that  the  explosive 
was  not  compressed  to  near  crystal  density  by  the  shock 
front  prior  to  reaction.  Rather,  the  boundary  conditions 
at  the  target  Interface  required  modest  compression  to 
a value  far  below  crystal  density* 

Experimental  Details 

In  the  fundamental  experiments  employed  by  us,  the 
shock  in  the  first  medium  is  a detonation  wave  In  TNT* 
Several  bulk  densities  of  explosive  are  used.  The  seoond 
medium  is  essentially  piire  (SS)  alunlnxmi.  It  can  be 
shown  that  the  free  siirface  velocity  set  up  in  the 
aluminum  is  a function  of  the  pressure  level  appearing  at 
that  free  surface  prior  to  rarefaction.  A range  of  target 
thickness  la  a convenient  method  for  sampling  the  pressure 
at  given  distances  from  the  metal-exploslve  Interface, 

Since  reaction  in  the  boundary  layer  of  explosive  la 
accompalned  by  a pressure  fall,  a range  of  raref action 
waves  spread  from  the  boundary  and  overtake  the  pure 
shock  front  later  in  time.  Knowledge  of  the  wave 
velocities  In  the  metal  then  permits  a rec  'instruction  of  j 
the  pressure  profile  of  the  wave  which  struck  the  target. 
Data  from  this  type  of  experiment  can  be  Interpreted  as 
showing  a well  defined  Induction  zone  preceding  the 
reaction  In  TNT, 

In  other  experiments,  an  explosive  was  used  to 
hurl  a massive  aluminum  "driver"  plate  across  an  air  gap 
where  it  Impacted  a target  plate  having  one  of  several 
thicknesses.  Since  the  first  plate  unloaded  during  Its  ! 
passage  across  the  air  gap,  the  shock  wave  Induced  In  I 

the  target  was  free  from  reaction  zone  effects  and  the 
data  obtained  Indicate  only  a smooth  decrease  In  pressure 
at  Increasing  distances  from  the  impact  boundary.  The 
absence  of  the  usual  velocity  plateau  In  this  case,  helps  j 
establish  the  reality  of  the  plateau  when  TNT  alone  ! 

drives  the  target. 

Yet  a third  series  of  experiments  were  performed 
In  ap  attempt  to  produce  a pressure  spike  as  distinct 
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from  the  steady  Induction  s&one  pressure  observed  in  the 
first  set.  These  experiments  were  identical  with  the 
alumittum-^alizmlnum  impact  experiments  except  that  a thlnr 
wafer  of  pressed  TZ^T  was  centered  on  the  target  plate 
and  initiated  by  impact  of  the  driver  plate  after  it 
crossed  the  air  gap.  The  resulting  free  surface 
velocity  data  again  show  an  Initial  steady  induction  zone 
followed  by  a sudden  decrease  in  pressure • and  demon- 
strate the  effect  of  chemical  reaction  on  thn  mass, 
velocity  transmitted  to  the  target*. 

A schematic  drawing  of  the  aluminum-aluminum 
Impact  experiment  with  the  Included  TNT  wafer  Is  shown 
in  Ptgiire  1.  The  TNT  wafers  were  not  used  in  the  series 
of  pure  Impact  experiments.  One  set  of  experiments 
using  TNT  pressed  to  a bulk  density  of  1 ^cc  was 
performed.  In  this  set  the  "shock  driver^ ’•ras  also 
removed j allowing  the  3 inch  diameter  charge  to  rest  on 
the  target  plate.  These  charges  were  5 inches  high. 

A fouith  series  used  cast  TNT  charges  6 inches 
square  and  4 inches  high.  These  also  rested  directly 
on  the  target  plates.  The  fifth  and  last  type  described 
were  made  up  of  crystalline  TNT  at  a bulk  density  of 
0.624  g/cc  (mean  density  of  all  those  fired).  These 
were  our  so-called  "snow  flake  packed"  charges  which 
were  made  by  first  pinning  a 6 inch  I.D.  aluiiilnum  tube  to 
the  target  plate  and  sifting  in  the  TNT  at  the  firing 
site.  The  charge  height  was  5 3/4  inches.  Over  this 
charge  was  laid  a 1 inch  thick  slab  of  cast  TNT  which 
rested  on  the  rim  of  the  tube  and  supported  the  plane 
wave  booster.  Most  of  the  crystals  passed  a ^0  but  not 
a 70  mesh  sieve. 

The  arrangement  of  the  pin  contactors  for  velor 
city  measurements  is  shown  in  Figure  1.  For  the  impact 
experiments.  l6  contactors  wore  used  for  each  shot. 

Klght  of  these  were  insulated  and  set  into  holes  drilled 
to  various  depths  in  the  target  to  be  shorted  out  on 
passage  of  the  shock  wave,  while  the  remaining  eight 
were  spaced  outside  the  target  in  such  a manner  that  the 
moving  free  surface  would  contact  each  in  turn.  The 
pins  were  arranged  in  two  concentric  circles,  one  of 
5/8  Inches  and  the  other  1 inch  in  diameter.  A plane 
wave  booster  was  used  to  Initiate  the  main  charge  since 
the  circular  pin  geometry  required  a plane  Impact  in 
order  to  give  meaningful  data.  Wave  planencss  is  a 
difficult  thing  to  control  and  for  this  reason  a number 
of  Identical  shots  were  made  at  each  target  thickness 
in  order  to  obtain  a statletlcally  significant  velocity. 
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Figure  1,  Experimental  Arrangement  for  the 
Impact  Experiments  with  Included  TNT  Wafer 
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Electrical  pulaea  made  by  contact  at  the  grounded 
moving  target  with  the  charged,  ptna  were  led  throng 
500  reet  of  coaxial  cable  to  an  oacUloacope  where  the 
ffcope  be€ua  de^^Ieetlona  were  photograpEied  by  a atllJi 
camera.  Syncterontmtlon  with  the  oscilloscope  wee 
achieved  by  also  sending  the  pulse  from  the  first  pin 
In  a set  through  a second ^ shorter,  piece  of  cable  In 
a manner  such  that  it  started  the  scope  beam  In  time  to 
record  Itself  and  the  others  as  they  came  through  the 
long  cable.  The  oscilloscope  had  a 5^10  me-  frequency 
response  and  about  a 2 microsecond  time  base,  single 
sweep.  Ihe  target  plates  were  coated  with  a film  of 
vasollne,  Insignificantly  thick,  to  electrically  separate 
the  moving  target  from  the  charged  pin  contactors. 
External  contactors  were  Insulated  along  their  shafts 
by  glyptal  resin  and  spaghetti  tubing  with  their  tips 
bare  except  for  a film  of  vasollne  similar  to  that  orv  the 
target  plate. 

Accurate  shock  velocity  measurements,  for  any 
except  the  Impact  experiments,  were  found  to  be  virtually 
impossible  due  to  violent  pressure  changes  occurring 
In  the  detonation  head.  Free  surface  velocity  measure- 
ments were  relatively  easy  for  all  systems  Investigated 
and  therefore  these  were  measured  while  the  corresponding 
shock  velocities  were  computed  from  the  equation  of  state 
for  aluminum. 

The  Measurement  of  Detonation  Pressures 

The  well  known  hydrodynamic  equation  for  the 
conservation  of  Impulse  In  a shock  wave  l» 


ll  p - 

In  a coordinate  system  where  Uq  ■ 0,  and  Po  Is 
neglected.  The  eq^oatlon  la  general  and  applies  to  a 
detonating  explosive  or  to  an  aluminum  target  being 
traversed  by  a shock.  It  has  been  shown w 7 that  u In 
aluminum  Is  closely  approximated  by  taking  1/2  the  first 
order  free  surface  velocity,  U3,  of  the  targets  and  that 
shock  velocity,  D,  and  pressure,  p,  can  both  be  calcu- 
lated If  U3  is  known. 

From  the  conditions  of  equality  of  pressure  and 
continuity  of  mass  flow  across  a boundary  between  a 
detonating  explosive  and  a metal  target,  an  expression 
relating  the  incident  particle  velocity  to  that  trans- 
mitted can  be  derived.  The  expression  Is 
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wtisre  subacrlpta  e and  m refair  to  exploalva  and  metal 
reap«cttve23r  and  r rerers  to  tfte  refTected  wave'  sent^ 
back  Into  the  explosive  by  the  metal  Interface.  Thus 
If  (^Ljr  can  be  approximated,  the  particle  velocity,  and 
therefore  the  pressure.  In  the  explosive  can  be  deter- 
mined from  the  measured  free  surface  velocities  of  metal 
targ(ita.  Ablardv^)  has  shown  that 

3)  (/>oD)8  * (/»D)r 

for  cast  Composition  B and  aluminum  targets.  His  results 
^e  not  restricted  to  a given  explosive  but  are  deter- 
mined by  the  value  of  the  product  (/^oD)^  which  Is  only 
slightly  higher  than  that  for  cast  TNT  reported  on  here. 
We  have  therefore  assumed  the  relation  3)  for  our  cast 
explosive  and  computed  the  peak  pressure  on  this  basis. 
However,  this  assumption  Is  shovm  to  be  In  gross  error 
for  the  case  of  one  of  our  lowest  density  explosives 
where  the  Impedance  of  the  explosive,  (/OoD)«,  Is  much 
smaller  than  that  of  the  aluminum  targets,  XPo^)m» 

Impedance  Mismatched  Systems 

The  conservation  of  mass  and  momentum  In  a 
reflected  wave  can  be  used  to  establish  limits  for  the 
reflected  shock  velocity.  The  following  analysis,  which 
applies  to  oui’  low  density  charges  describes  the  method. 

Consider  a piston  driving  a shock  wave  Into  a 
unit  mass  of • explosive  at  pressure  and  voliime  poi  v© 
before  compression  and  pi,  v^  after  compression.  Further, 
let  the  piston  be  the  reaction  products  produced  In  a 
steady  detonation  wave.  Since  after  establishment  of  the 
wave  the  pressure  on  the  piston  Is  pi,  the  work  done  by 
the  piston  on  the  unit  mass  Is  Pj.(vo-vi),  The  work  done 
goes  to  Increase  the  Internal  energy  by  an  amount  6f 
dEi  and  also  to  give  the  unit  mass  a kinetic  energy 

1 uf.  Therefore 

2 

4)  d El  - Pi(vo-vi)  - 2 '^l 
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Cia  Husonlot  eqoat^lon  is 

A&i  m,  i/a  (pi*^q)(vq-vj_> 
and  if  pQ  « 0,  substitution  into  4)  gives 

5)  - 1/a  Pi(vo-v^) 

- 

If  the  shock  wave  with  particle  velocity  ui  strikes  the 
boundary  of  a high  impedance  medium*  a shock  wave  is 
reflected  which  propagates  through  the  unit  mass  which 
has  the  pressure  and  volume  p^^*  vi * after  the  first  shock 
and  p2«  V2  after  the  second.  As  in  .equation  4)  we  may 
write 

6)  AE2  - P2(vi-V2)  - 1/2  uS* 

• 1/2  {P2n>i){vi^-T2) 


, I 
i 

V 

s' 

s' 

si 

i 


where  A Bo  ia  the  change  in  internal  energy  duo  to  the 
reflected  wave  and  U2  is  the  particle  velocity  in  the 
wave  referred  to  a coordinate  system  moving  at  velocity 
ui. 

The  total  Internal  energy  change  for  material 
behind  the  reflected  shock  front  is  then 

AB^  mABi  4AS2 


which  by  substitution  from  3)  and  6)  becomes 

7)  - 1/2  * P2(n-^2)I7. 


But  also 


+ PaCvi-vg) 


2 

which  becomes,  on  equating  to  7)  and  substituting  for  u^, 

8J  (P2-Pi)(vi-V2)  - u| 

The  equation  of  state  for  alumlnum(T)  enables  us  to 
evaluate  P2  directly  from  the  measured  free  surface 
velocity  of  aluminum  targets  since  pressure  Is  continuous 
across  the  metal-explosive  Interface.  The  equation  Just 
derived  enable  us  to  compute  V2  and  U2  (“ 
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For  our  lowest  density  explosive,  crystalline  TNT 
at  a bulk  danatty  or  0.634^  g/cc , the  highest  free  stsrfaee 
velocity  imparted  to  the  alxmtmm  targets  was  1.0^ 
mm/mlcrosecond.  This  result,  along  with  the  correspond- 
ing shock  velocity  from  the  previously  mentioned  equation 
of  state,  determines  the  pee^k  pressiire  in  aluminum  and 
therefore  the  reflected  peak  pressure  in  the  explosive 
(po.  ie  equfttibo  8).  We  can  choose  arbitrary  valtzee  ttttr- 
'^iT*  '^)  and  compute  the  corresponding  values  of  pn  • 
from  equation  1)  since  D is  known  for  the  explosive,  ftie 
conservation  of  mass  equation 

9)  /®oDe  - /*i(I>-u)e 

then  determines  v^  since  we  have  an 

experimentally  determined  value  for  P2*  equation  8)  can 
be  used  to  compute  V2.  In  this  way  we  can  examine 
the  density  behind  the  shock  wave  reflected  from  the 
metal  interface.  With  values  for  />j^,/»2  and  al;  hand* 
equation  9-)  can  be  applied  to  the  reflected  wave.  The 
shock  velocity  so  determined  is  then  D«,  which  when 
multiplied  by/^i,  is  the  impedance  of  the  reflected 
wave,  ( />  D)p,  as  used  in  equation  2),  Results  of  these 
calculations  are  set  out  in  Table  I, 

Table  I.  Consistent  Values  of  the  Hydrodynamic 
Variables  for  TNT  at  a Loading  Density  of  0.624  g/cc 
Based  on  Ujjj  - 0,54 

(mni^sec)  (g/cc)  (g/cc)  (mm^sec)  (dynes/cm^l  0^0) 


2.1 

1.396 

18.87 

1.685 

4.975 

2.352 

2.0 

1.318 

4.673 

2.034 

4.738 

2.681 

1.249 

2.443 

4.501 

3.051 

1.8 

1.186 

2.088 

2.917 

4.264 

3.460 

1.7 

1.130 

1.684 

3.525 

4,027 

3.983 

1.6 

1.078 

1.439 

4,224 

3.790 

4.553 

1.5 

1.031 

1.266 

5.170 

3.554 

5.330 

1.4 

0.988 

1.144 

6.308 

3.317 

6.232 

1.3 

0.949 

1.053 

7.692 

3.080 

7.300 

1.2 

0.912 

0.978 

9.773 

2.843 

8.913 

For  our  low  density  TNT,  the  acoustic  approximation 
as  given  in  equation  3) » estimates  Ue(=  ui)  to  be 
2.1  mm/mlcrosecond.  As  can  be  seen  from  Table  I,  the 
corresponding  value  for  /*p,  the  density  behind  the 
reflected  wave,  is  impossibly  high.  Our  best  estimate 
for  Ug  is  1.46  nim/mlcrosecord  as  obtained  in  a 
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separate  report ^9/,  Aa  can  be  seen  frttn  the  tabls:^ 
this  choice  of  particle  velocity  Implies  that  denetttee 
In  both  the  reflected  and  incident  waves  are  belov 
crsrstal  density.  It  can  be  seen  that  even  if  the 
reflected  density  wore  made  to  exceed  crystal  density 
by  another  choice  of  the  Incident  density  would 
still  be  leas  than  crystal.  Since  these  low  density 
results  are  also  interesting  from  the  standpoint  of  the 
Icinetlcs  Involved « the  method  used  for  estloatl^  ^ ^ 
ba  outlined  after'  the  experiment  haa  been  descrlbedT 


2 2.0 


10  20  30  40  50 

Aluminum  Target  Thickness  (naa) 


Figure  2.  First  Order  Free  Surface  Velocities  of  23 
Al^lnua  Targets  Driven  by  (l)  cast  TNT, />  i.;  1,58  g/cc, 
(2)  aluminum  plate  Impact,  (3)  pressed  TNT  wafers, 

pressed  TNT  at/>o  - 1 g/co 

(5)  TNT  at  - 0.624  g/cc  ' ^ 
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gxpertaental  Reatil 

The  experimental-  reanltg  ^rtaised  for  different, 
density  explojsivea  In  contact  with  the  targets  show 
striking  slfiiv-'iarltlea  although  the  Interpretations 
placed  on  the  data  must  be  very  different*  Figure  2 Is 
a graph  of  the  free  surface  velocities  obtained  in  the 
various  experinants,  as  s function  of  target  thiekness* 
niese  data  are  set  out  In  tabular  form  In  Table  S 


Tab^e  II.  Numerical  Data  for  the  Curves  in  Figure  2 


Curve  No, 


/ 


Target 

Thickness  (in.) 


1/2 
1 1/2 
0 

1/4 

i/a 

1/8 

’41 

1/2 

w 

w 

1 1/2 


2892  + 70 
2795  + 40 

2677  + 72 

2497  + 6a 
2267  ♦ 37 
2114  T 20 

2908  + 59 
2475  1 8^ 
2103  + 56 

1379  1 40 

2254  56 
2234  + 66 
1818  + 30 

1569  + 64 
1619  + 28 
1573  + 20 
1365  + 24 


Number  of 
Targets  Fired 

6 

6 


6 

8 

6 

6 

4 

4 

4 

4 

4 

4 

4 


1072  +42  2 

10o0(est.  from  reverbera- 
tion data) 

1058  + 18 


1034  + 22 

816  + 6 
647  + 3 

513  + 8 


4 

6 

7 

3 


■1 
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I Zn  order  that  the  data  be  useable  tn  the  computation  of 

explosion  pressures,  lb  Is  necessazTr  that  they  be  the 
free  s^f&ce  velocities  present  ab  the  start  of  transZat- 
tlooal  BOtlo&»  Vhen  the  unloading  wave  from  the  free 
boundary  reaches  the  metal-explosive  Interface,  a high 
pressure  is  still  present  in  the  explosion  gases.  This 
residual  pressure  can  and  does  drive  a second  shock  wave 
Into  the  target,  l^ls  second  wave  further  Increases  the 
free  surface  velocity..  Sx*ee  surface  measurements  which 
Include  the  second  or  later  velocity  oiHiers  will  over 
estimate  ua  and  therefore  over  estimate  the  pressure 
developed  in  the  explosive. 

Wave  Reflections  in  the  Target 

Figure  3 shows  the  step  wise  accelerations  which 
occur  In  targets  of  various  thlcknessess,  explosion 
loaded  by  Composition  B.  These  data  are  not  to  be 
discussed  further  In  this  paper  and  are  Included  only  to 
Illustrate  the  process  of  momenttra  transfer  from  explo- 
sive to  target  which  occurs  later  In  time.  They 
Illustrate  that  the  Initial  or  "first  order"  free  surface 
velocity  Is  far  from  the  terminal  velocity  which  can  be 
obtained.  It  la  emphasized  that  the  data  presented  In 
Figure  2 and  Table  11,  are  all  first  order  velocities. 
Unpublished  results  show  that  experimental  velocity 
Jumps,  shown  in  Figure  3,  occur  at  about  the  times  one 
would  ccispute  by  use  of  the  equation  of  state  for 
aluminum.* 

The  velocity  plateaus  In  the  TNT  data  are 
intriguing  since  according  to  equation  l)  they  Imply  a 
steady  Initial  pressure  In  the  detonation  head  followed 
by  a more  or  less  sudden  decrease  In  pressure  level.  We 
have  Interpreted  this  initial  steady  pressure  to  be  an 
Induction  zone  of  finite  width  which  precedes  the  zone 
of  chemical  reaction. 


♦If  the  first  order  free  surface  velocities  for 
Composition  B driven  aluminum  targets  are  plotted  as 
a function  of  target  thickness,  no  plateau  is  observed 
as  It  is  for  TNT,  but  rather  the  curve  continues  to 
rise  toward  the  zero  target  thickness  axis.  In  view 
of  the  data  obtained  with  TNT,  we  conclude  that  a flat 
top  may  be  pi’csent  in  the  Composition  B data  but  that 
it  occurs  in  ouch  thin  targets  that  we  are  unable  to 
observe  It  with  the  pin  technique. 
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UDolaB»lfi«4- 

■Thfr  Induction  Zone  In  Caat  TIP? 

Material  in  % detenatiea  wave  propagating  through 
n hosogoneoua  exploalve  lias  a high  volooitr  i«  th» 
direotloa  Oit  u&va  jwopagatioa.  If  the  length  or  tha 
induction  zone  ia  ”a**«  the  induction  time  oaa  ba 
obtained  from 

At  - 1^:5;^ 

where  ia  the  steady  state  detonation  rate 
(6880  meters/aeoond}  and  xj^is  the  particle  velocity  la 
the  indxictlon  zone.  By  use  of  the  acoustic  approxi- 
mation j eq^tiOD  3)  we  can  icnaed lately  obtain  froa 
equation  2)  and  the  measured  plateau  velocity  for  east 
IThe  induction  zone  length,  a,  is  approximately 
0.216  (6,880-1.97)  or  1,06  na.  This  simple  enalysls 
does  not  apply  to  low  density  TNT. 

The  Induction  Zone  in  TUT  at  a Bulk  Density  of 
0.62h  g/ec 

From  equations  5)  and  7)  previously  developed, 
one  can  compute  changes  of  internal  energy  which  occur 
behind  the  incident  and  reflected  shock  fronts  at  the 
target  interface.  By  assuming  the  heat  capacity  at 
constant  volume  for  the  unreacted  TUT  to  be  approxi- 
mately constant  and  equal  to  1/3  oal/g.,  we  can  esti- 
mate the  temperatiu:*e  behind  the  initial  shc^-k  front 
from  the  expression 

11)  Ti  - 300  - dBi/Cv  . 

Similarly,  for  the  total  change  of  internal  energy  due 
to  the  incident  and  reflected  chock,  we  have 

12)  Tt  - 300  - dEt/5v  . 


The  estimated  temperatures  which  obtain  in  the  explosive 
before  reaction  occurs  are  set  dovir.  In  Tabic  III  for 
arbutus’  values  of  u^.  Tha»ie  cemputations  chow  that, 
given  c;  ' 'eduction  zone  in  the  dotenation  wave,  the 
temperatv-L  0 increase  behind  the  reflected  shock  front 
may  b»  adequate  to  Initiate  a aecondary  reaction  at  the 
icotal  Interface,  Dasplt®  such  a possibility,  cur»e  5 
in  Figure  2 shows  an  initial  steady  pressure  extending 
to  nearly  the  Bame  target  thickTtCcs  as  that  for  cast 
TI^T.  Accordingly  we  can  compute  the  steady  preosure 

time  from  , ^ ^ - 

^ h/i  - u^-dti  All 

13)  /iti  + jj- — - 
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Apprcsxtmate  Shock  Temperatures  In 
vfro  Initial  Partlcla  Velocity;:  /®o  g/cc 


TNT 


fam/^csecl 


AEi 

ferga/cj:10~^0> 


Cerga^!(>“IOl 


2.1 

2.205 

6.718 

1881 

2.0 

2.000 

5.646 

1734 

1-9 

ua 

1*805 

1*620 

4.736 

3*960 

1595 

1462 

fT 

I.44J 

3.29? 

1336^ 

1.6 

1,?80 

2.721 

1218 

1.125 

2.228 

1107 

1.4 

1.3 

0,980 

0.845 

1.757 

1.456 

'P 

1.2 

0.720 

1.151 

816 

I 


118 

349 

3697 

ai4a 

2661 

2252 

1898 

1560 

1344 

1125 


and  compare  the  results  at  the  two  density  extremes. 
Equation  13)  is  obtained  by  equating  two  independent 
statements  for  the  overtaking  time  in  the  metal  target. 
-ulO  QU&n^^l!^68  \lSGCl  B.2?0  fPOSll  FXS\IX*0  ^ Wll©2*0 

^1  velocity  of  the  first  rarefaction  increment 

and  equals  ui  + ci* 

A comparison  between  the  two  TNT  density  extremes 
is  given  in  Table  IV, 

Table  IV.  Properties  of  Shocked  Aluminum  and  the 
Corresponding  Steady  ’‘ressure  Times  for  the  Plateau 
Region  of  Figxire  2 


Cast  TNT 


1.43  mra/mlcrosecond 
Cm-  7.45  “ 

Da-  7.12  " " 

d>^l"  6.5  rm 
dtj|^»  0,216  microseconds 


TNT  at  Pr,  - 0,624  g/ec 

ua-  0.54  mm/microsecond 

ca-  6.11  ^ 

Dm-  5.94  " 

6 mm 

dt^-  0,117  microseconds 


It  can  be  seen  that  the  steady  pressure  time  for  cast 
TNT  is  nearly  double  that  for  the  low  density  explosive 
despite  a higher  temperature  in  the  induction  zone  of 
the  detonation  wave  In  the  cast  material.  This  result 
makes  an  hypothesis  of  a secondary  detonation  reaction 
in  the  low  density  explosive  quite  plausible,  for 
Indeed  if  the  induction  zone  v;ere  being  burned  by  two 
distinct  flame  fronts,  then  material  In  the  Induction 
zone  V'fould  be  consumed  at  an  extraordinary  rate.  On 
this  basis,  we  postulate  the  sequence  of  events  pictured 
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klxmtmm  Target 
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Figure  4.  Instantaneous  Pressure  Profiles  DiJU'lng 
The  Impact  of  a Detonation  V/avo  With  a Stationary 
Aluittlnuia  Target,  A (Probable  True  Uave  Shape),  B 
(Schematic  Step  V/ave  Used  In  Driving  Equations  13 
and  18) , Reflected  V/avea  Are  Assumed  to  be  iregllglble 
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in  Figure  5 oeeurrlng  et  tbe  netal  erplostve  Inter- 
I face  for  low  denatty  QITv  Proa  title  figure  It  can  be 

f . aeea  that  the  steady  velocity  plateau  observed  can  be 

asaoeiated  with  a pseudo  detonatioa  pressure  behind  the 
aeeendary  wave*  The  hi^h  pressure  induction  in  tton 
aecondary  wave  would  not  be  observed  because  Its  effects 
would  be  seen  only  In  extremely  thin  targets.  By 
assuming  tiie  thickness  of  the  secondary  Induction  zone 
to  be  negligible  In  ccmiparlson  with  the  primary  one>  and 
alaa.  that  a new  C-J  condition  behind  the-  secoi^acy 

wave«  It  la  possible  to  compute  tlie  length  and  time  of 
an  Induction  zone  undisturbed  by  a reflected  wave.  The 
analysis  Is  as  follows t 

Define 

D<i  •«  velocity  of  the  secondary  detonation  wave 
Cg  - velocity  of  sound  In  the  gaseous  region 
burned  by  Dd 

to  - tlms  required  for  the  two  flame  fronts  to 
collide  If  time  zero  la  the  moment  of 
contact  of  the  primary  Induction  zone 
with  the  metal  surface 
tx>  ■ time  required  for  the  rarefaction  wave, 
following  the  primary  Induction  zone* 
to  cross  the  region  burned  by  D(j  and 
reach  the  target  metal 

Uq  ■ particle  velocity  In  the  induction  zone  of 
the  primary  detonation  wave 
m ■ Ue  - Ua  ■ particle  velocity  behind  the 
secondary  detonation  wave.  Da«  ^e 
dt  have  their  usual  meaning. 

Let  the  primary  Induction  zone  be  of  length 

X ■ a •«*  b 

where  a Is  the  distance  traveled  by  the  ’^rlmary  flame 
front  at  the  velocity  (De-u©)  and  b Is  1 .iQ  distance 
traveled  by  the  secondary  flame  front  at  velocity  D<j 
dxirlng  the  time  required  for  the  flame  fronts  to  collide. 
The  steady  pressure  time  Is 

" ^0  ^ ^r 

Using  a coordinate  system  traveling  at  the  velocity  u^, 
one  can  quickly  visualize  the  various  waves  since  the 
Induction  zone  stands  still  while  the  metal  target 
impacts  It  and  drives  a shock  wave  into  it  at  velocity 
D(}.  We  have  thea 

(j 
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Figure  5.  Instananeous  Pressure  Profiles 
During  the  Impact  of  a Detonation  Wave  on  a 
High  Impedance  Metal  Surface 
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therefore 


b ■ , a-  ! 

^e  " I>4  ■ D^-u^ 

ud 

b-udtc  b(l  - DJ  ) 

4.  m ■ ■■  m -<■.  ■■  «ii  iH 

^ Cg  eg 


b_  b(l  - pgf) 

cg 


j 


If  the  G-J  condition,  I^d  ~ <^g  m>  approximately  holds 
we  obtain 


at 


2b 

Dd 


Solving  equation  15)  for  b and  substituting  the  result 
into  equation  14)  we  have 


16) 


(at)  Dd 

b - ~2 


I 


( 

1 


at  I 

a«“5“  (Pe  - ue)  | 

Prom  equations l6)  we  can  compute  the  length  of  an  i 
undisturbed  induction  zone  if  values  r*f  u©  and  the  j 
velocity  of  the  reflected  detonation,  Dd,  can  be  I 
estimated.  According  to  Table  I an  upper  limit  for  u^  ! 
is  probably  about  1.7  mm/mlcrosecords.  The  density  i 
behind  the  reflected  wave  Is  already  greater  than  1 
crystal  density  under  these  conditions  and  the  corres-  j 
ponding  velocity  of  a pure  shock  wave  la  3.525  ratn/mlcro-  j 
seconds.  However,  if  the  reflected  wave  went  over  into  j 
detonation,  it  would  be  feeding  Into  material  at  density  i 
1.130  graas/cc.  At  this  loading  density,  the  detonation  ; 
velocity  is  greater  than  5 mm/mlcroseconds  and  therefore  | 
the  pure  shock  front  would  be  outrun  by  a detonation  I 
wave.  Incoming  mass  at  velocity  u^  v/ould  then  meet  a j 
wave  having  a velocity  higher  than  the  3.525  mny'mlcro-  j 
seconds  consistent  with  a value  of  « 1.7  mm/mlcroseconds, i 
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It  follows  then  that  If  a 8eecmdar7  detonation  reaction 
ocoursi  a value  of  ue  as  high  aa  1.7  la  not  ^»caslble. 
Continuing  in  this  manner,  we  have  chosen  that  valtie  of 
Ue  where  the  velocitlee  Dr  of  a reflected  pure  shock  and 
Dd  of  a detonation  wave  are  equal.  These  values  are 
graphed  in  Figure  6 and  yield  a value  of  ua  « 1.46  vm/ 
microsecond.  ITumerlcaZIy  we  have 


ht  - 0.117  microseconds 


Dd 

I>e 


5.55  mm/alcroaecond 

3.%  “ 1 


and  therefore  the  induction  zone  length  for  the  steady 
state  wave  is 


X • a + b - 0,325  + O.137  - 0.46  millimeters 


and  the  induction  time  for  an  undisturbed  detonation  wave 

is 


0.20  microseconds 


The  induction  time  computed  for  the  low  density 
TNT  is  very  close  to  the  steady  pressure  time  obtained 
with  cast  TNT.  Since  in  the  later  case  we  assiaie  the 
acoustic  approximation  to  hold,  we  then  imply  that  the 
steady  pressure  time  is  approximately  the  Induction  time 
also.  Having  obtained  the  result  that  the  induction 
times  in  the  TNT  density  extremes  are  nearly  identical^ 
we  conclude  that  an  induction  time  in  any  intermediate 
density  has  a similar  value.  From  equation  l)  we  can 
now  compute  the  induction  zone  pressure  in  the  low 
density  TNT.  Thus,  p * 0.624  x 3.8  x 1.46  ■ 34.6  kilo- 
bars.  If  the  postulates  leading  to  equation  I6)  are 
correct,  it  is  doubtful  that  C-J  pressures  can  be 
obtained  from  our  experimental  data  on  lo;/  density  TNT 
since  the  rarefaction,  constituting  the  reaction  zone, 
has  propagated  through  a burned  gas  region  and  spread 
out  to  such  an  extent  that  the  pressure  corresponding 
to  the  end  of  the  reaction  is  not  clear  cut.  Fortunately 
this  is  not  the  case  with  cast  TNT  and  the  C-J  plane 
probably  arrives  at  the  target  interface  relatively 
undisturbed  by  a reflected  wave. 

The  Reaction  Zone  in  Cast  TNT 

The  reaction  zone  front  in  cast  TNT  has  a rate 
of  (De-ue)  » 4.91  mm/mlcroseconds  relative  to  the 
moving  particles.  Considering  the  steady  state  deto- 
nation, the  C-J  plane  approaches  the  metal  Interface 

at  about  this  rate  also.  Unclassified 
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U)^on- arrival  & range  of  unloading  waves  will  have 
already:  propagated:  into  the  target  while  the  pressure  at 
the' Interface  fell  during  chemical  reaction*  Because 
each  suceesalve  unloading  increment  propagates  at  a 
lower  velocity  than  the  one  preceding j the  entire  rangf^ 
of  pressure  levels  at  the  interface  will  propagate  Into 
the  target  and  appear  at  a given  distance  from  the 
interface* 


(nn^microsecond ) 

Figure  6.  Reflected  Wave  Veloelty  as  a Function 
of  the  Particle  Velocity  Ue,  Striking  the  Aluminum 
Targets.  Crystalline  TNI  at  a Loading  Density  of 
0.624  g/cc. 


If  we  assume  that  reaction  zone  effects  do  not 
extend  as  far  as  1 Inch  Into  the  aluminum,  then  the  last 
two  data  points  (for  1 Inch  and  1 1/2  inch  target 
thicknesses)  are  characteristic  of  a smooth  y decreasing 
pressure  behind  the  C-J  plane*  We  can  approximate  this 
by  assTaalng  the  pressure  decrease  to  be  of  the  same  ^fpa 
observed  In  the  aluminum-aluminum  Impact  experiments. 
According  to  our  equation  of  state  for  aliunlnimi  we  can 
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ifrlfta  tha  e(iuatloif>'  u » 0.7T05  ^ •*  4 *.05?  ovor  tha  ranga  oT 
aluttlmai  daaaltias  from  3.1  ta  3.5  grama^a.  This 
danalty  raaga  eons>lat»ly^overa  the  data  tor  oast  THT. 

Tha  equation  la  oonslat^t  to  within  10  meters/seoonda  lo 
D oyer  the  restricted  range,  Since  u changes  but  slowly 
orer  the  post  C-J  part  oT  the  east  TNT  curve  tn  Figure  2?", 
D can  be  descrlt^  by  a almple  quadratic  function  of 
time  and  distanow 

y t “ bQ  b7  Jt  ♦ b^f^ 

where  Jt  is  the  thickness  of  aluminum  penetrated  by  the 
shock  wave.  Therefore  we  can  write 

r*  d^  1 

17)  D - Hif  • Fi  ♦ S bg/ 

Substituting  the  value  of  D i^Om  equation  17) 
into  the  linear  relation  between  u and  D and  evaluating 
the  constants  from  the  experimental  uq  at  the  1 and  the 
1 1/2  inch  target  thicknesses » we  find  for  ^ » 0 that 
Do  * ^.934  and  Us  2.581  mo/nicroseconds.  The  computed 
value  of  Us  for  zero  target  thickness  is  a point  on  an' 
equation  going  through  the  data  points  for  the  1 and 
1 1/2  inch  target  thicknesses,  kt  Jt  • 19.2  mm  the 
experimental  velocity  curve  deviates  from  the  theoretical 
curve  through  these  three  points.  The  oorreoponding 
free  surface  velooity«  2.350  mn/blcrosecond » is  interpre- 
ted as  that  due  to  the  C-J  pressure  in  the  explosive.  The 
oast  TNT  curve  in  Figure  2 is  therefore  drawn  in  such  a 
manner  that  it  is  somewhat  flattened  after  the  point 
Jt*  19.2  mm.  Thus,  the  curve  shows  effects  of  reaotion 
zone  pressures  extending  the  target  thickness 

Jt*  6.5  mm  to  the  thickness  j£  * 19.2  mm.  Equation  13) 
can  be  extended  to. this  portion  of  the  curve  by  dividing 
the  free  surface  velocity  into  equal  increments.  In 
general 


In  this  equation,  uj^^lt+l  Dic,k+1  are  average  slopes 
for  discrete  Increments  of  shock  front  and  target  interface 
positions  as  shown  in  Figure  7. 

I 

In  order  to  estimate  the  reaction  time  In  cast 
TNT  we  have  divided  the  free  surface  velocity  curve 
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Figure  7.  Overtaking  of  the  Shock  Front  In 
Aluniiniss  by  Harof actions  from  the  Mewal-Exploslve 
; Interface 


betvTeen  1 « 6,3  and  1 ■ 19*2  nm/mlcrosocond  into  10 
equal  Increments  of  us.  Equation  18)  uas  then  evaluated 
by  using  the  data  shov^n  in  Table  V.  Our  estimate  of  the 
reaction  time  is  about  0.29  microseconds  and  the  total 
time  between  the  shock  front  and  tho  C-J  plane  is  about 
0.51  microseconds.  This  time  compares  very .favorably 
with  a value  obtained  by  Copp  and  Ubbelohdev^O)  by  the 
method  of  case  expansion.  These  authors  have  stated 
that  their  measured  time  is  that  to  the  "equllibrluia  of 
primary  processes  of  explosive  decomposition" . By 
interpreting  this  to  mean  the  induction  plus  reaction 
time,  the  data  from  the  tv/o  different  experimental 
methods  are  in  good  agreement. 
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/ ^ k^L 

(mi)  Ca»A— o>  (aaiA»«e) 


D 

1A30 

6.50 

IA30 

6.84 

1.404 

^2, 

)8.823 

1.VL7 

7.26 

1.379 

)8,76i 

1.392 

7,88 

1.354 

8.700 

1.3k 

8.75 

1.328 

6.638 

1.341 

9^ 

1.302> 

8.&T6. 

1-315 

11.15 

1.277 

8.514 

1.290 

12.80 

1.252 

8.452 

1.264 

14,70 

1.226 

8.390 

1.''39 

16.60 

1.200 

8.329 

1.  .13 

19.20 

1.175 

8.267 

1.166 

Dk,  fcfl 

(xg>/niee) 


T.O98 

7.066 


7.032 

6.999 


6.96^ 

6.933 

6.899 

6.067 

6.833 

6.801 


Atk  At^ 


0.2133$  0,2133» 
0.00888  0.22223 
0.00747  0.22970 
0.01338  0.24308 
0.020$9  0.26^ 
0.02035  o.gyoa 
0.02999  0.32201 
0.04089  0.36290 
0.04637  O.4o9^ 
0.04996  0.45923 
O.056U  0.51534 


Induction  time  dt^  - a.213>l8eo.  ^ 

Time  length  of  detonation  head  At i-|^tk«Q .51^860 

K»| 

Reaction  time  / Atk*0.302/(880 

n.»  . 

Table  V.  Numerical  Data  for  Figure  7 


The  Chapman "Jou/^et  Vresaurea 

Since  U3  ■ 2.860  at  the  peak  and  about  2,350/ram/ 
microsecond  for  the  C«J  pointy  the  corresponding  particle 
velocities  in  cast  TNT  are  1.979^and  1.625  mm/nicrosecond 
respectively.  Using  a .value  of  6.88O  mm/alcrosecond  for 
the  detonation  velocity  and  1.58  grams/cc  for  the  density, 
we  find  from  equation  l)  that  the  pressure  in  cast  TNT  is 
215  kilobaioat  the  peak  and  177  kllobars  at  the  C-J  point. 
Thus,  the  over-pressure  Ir  the  induction  zone  is  about 
12155  of  the  C-J  pressure. 

For  the  snow  flaked  packed  TNT  the  C-J  pressure 
can  be  estimated  from  the  Jones  equatlon^^^) . 

19) 

Assuming  a value  for  the  Jones  constant,  ■ 0.25  one 
computes  uc-j  ■ 1*1  mra/micro second  and  PC-J  “ 26.2  kilo- 
bars.  For  the  induction  zone  pressure  we  find  p to  be 
34.6  kllobars  and  therefore  the  over-pressure  in  the 
induction  zone  is  about  13255  of  C-J,  In  view  of  the 
approximations  Involved,  the  pressure  ratios  for  the  two 
extreme  TNT  densities  can  bt  considered  to  be  essentially 
the  same. 
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C6ncl\aatoa» 

■ ' 1 

Induetton  tlaies  have  been  shown  te  exist  in  tiie  I 
steadr  state  detonation  wave  ot  TNT  at  varloTs  btrllr 
denaltlea.  It  la  approximately  the  same  for  all 
densities j namely  0.2  to  0.25  mloroseconds.  The  reaction  ; 
tine  has  also  been  neasiired  in  cast  TNT  and  amounts  to 
approximately  0.29  microseconds.  The  total  time  from 
the  shock  front  to  the  C-J  plane  is  therefore  O.51  mlcro'-  i 
aecQoda  in  the  cast  ezploaive.. 

! 

The  flat  top  observed  In  the  free  surface  velo«  I 
city  of  alimlnxm  target  is  not  to  be  Interpreted  as  i 

evidence  of  no  reaction  In  the  induction  zone  but  1 

rather  that  it  is  occurlng  at  a negligible  rate  in 
comparison  with  the  reaction  zone  proper.  We  have 
drawn  the  cxirves  in  the  manner  shown  because  we  believe 
we  are  not  justified  In  assuming  a more  detail  contour 
from  the  data  on  hand. 

fRie  plateau  la  Interpreted  as  due  to  a thermal 
Induction  period  In  the  Initiation  of  the  explosive 
and  is  evidence  that  the  reaction  In  THT  progresses  by  j 
a thermal  mechanism.  Grain  burning  la  not  necessarily 
excluded  by  these  results  for  the  reason  that  time  lags 
In  building  up  to  high  rates  of  deflagration  can  still 
exist.  Hathematlcally^  the  data  has  been  treated  as 
though  the  explosives  were  ^homogeneous  fluids.  This 
can  be  readily  admitted  in  the  detonation  of  gaseous 
and  liquid  systems,  and  .may  also  be  true  for  cast  TNT. 

It  should  be  pointed  out  that  the  percentage  voids 
In  the  snow  flaked  packed  TT'IT  Is  quite  large,  and 
although  the  treatment  appears  straightforward,  it  Is 
admittedly  difficult  to  understand  how  material  In  the 
Induction  zone  can  be  compressed  to  a value  far  below 
the  crystal  density  while  sustaining  a pressure  of  at 
least  35  kllobars. 
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CALCOTATIOIf  OP  THE  DETGNATiOH 
PROPERTIES  OP  SOLID  EXPLOSIVES  Wim 
TEE  KTSTIAKOWSKX-WILSQU  EQ,UAT10H  OP  STATE 

V.  Pickett  and  R.  D.  Cowan 
Los  Alamos  Sbi^tific  Laborato^ 

Los  Alamos,  New  Mexico 


1.  INTRODUCTION  / 

In  an  attempt  to  obtain  a working  equation  of  state 
for  the  gaseous  products  involved  in  the  calculation  of 
detonation  phenomena,  we  have  investigated  a modification 
of  an  empirical  equation  of  state  .first  proposed  by 
Halford,  Xlstlakowsky,  and  Wilson 


- P(z)  « 1 + xe^ 


Vg(T  + e) 


k **)(/~  x,kj 


Here  Vg  is  the  molar  gas  volume,  is  the  mole  fraction, 

of  component  i,  a-nd  the  sum  extends  over  all  chemical  com- 
ponents of  the  gaseous  mixture.  The  quantities  «<. , 

0,  kj^  are  empirical  constants,  the  k^^  having  the  nature  of 

covolumes.  The  values  0.25  and  ^bi  0.30,  which  were 
choseriv  originally  to  give  agreement  with  experimental 
data'^' , have  been  used  in  most  of  the  previous  work  with 
this  equation  of  state.  However,  different  values  of  )C 
and  several  sets  of  k^’s  have  been  determined  from  experi- 
mental data  (cf.  references  1,  2,  3 and  Table  III).  We 
have  treated  all  of  the  parameters  (o',  as 

adjustable  in  an  effort  to  determine  a set  v/hlch  would 
allow  the  calculations  to  reproduce  a set  of  experimental 
data  which  Includes  both  the  variation  of  detonation  : 

velocity  with  loading  density  (D  - ^) , and  the  Chapman-  I 
Jouguet  pressure  (Pq_j)  at  high  loading  density  for  a 1 
group  of  five  related  explosives  (see  Table  II) . ' 
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With  the  value  0*0  ^ich  has  been  previously  used* 
it  may  easily  be  seen  that  the  equation  of  state  has  a- 
ainiraum  in  P vs.  T"  (for  constant  and  composition}.  With 

•t*  0,25  and  with  values  of  7g  appropriate  to  tha  dhtoaa.- 
tlon  region  this  minimum  occui‘s  near  Q^K,  but  with  ©<*■  0,5 
it  moves  up  to  2000  or  3000®!^ 

o 

We  have  used  the  arbitrary  value  Q =»  400  K for  all 
values  of  ; this  has  proved  to  be  large  enou^  2o~ 
eliminate  the  minimum  throughout  the  volume  region  charac- 
teristic of  plane  detonations,  and  yet  Is  small  co)  jared 
with  the  values  of  T encountered. 

The  calculatioriS  are  complicated  by  the  possible 
presence  of  solid  ca'''bon.  V7e  have  assiimed  carbon  to  be 
present  as  graphite  and  treated  Its  equation  of 
known,  using  a form  originated  at  this  laboratorj'^  **» 

£•  - Pi(Va5  + a(Vg^)T  + b(Vg)T^  (1,2) 

where,  with  P in  megabars  and  T in  volts  (l.e,,  in  units- 
of  11,605.6°K), 

P^(Vg)  «*2.467  + 6.769->J  - 6.956^^  + 3.040>t^  - 0.3869n^ 

a(Vg)  » - 0.2267  +^.2712vt 

Hyj  - 0.08316  - 0.07804Kf^  + 0.03068i\^ 


V°(T^) 


j » 25'^C 


2 , THEORY 

ir  solid  carbon  Is  considered,  expressions  are  needed 
for  the  thermodynamic  functions  of  both  gas  and  solid 
phases;  these  are  summarized  here; 

For  the  gaseous  component  with  equation  of  state  (l.l): 

E = (3.1a) 

S =■  i *1  + (2.1b) 

+Rr  In  F - + i^(P-l)] 
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.OT  [in  p . 


iz.ic-Y 


where  th^gas  -Imperfection  factor  P is  defined  in  equation 
(IJll  and  should  not  be  confused  with  the  free  energlea 
F®  and  Pj. 

For  the  solid  with  equation  of  state  (1.2); 

E - (H°-H°)  + h|  -(PVg)°  +/  ®{b(V)T?  Pi(V)}dV  (2.2a) 


s - a”  + 


'l-i 


(P°-H°)  + h|  + P' 


-(PVg)°  ^ ®{b(V)T?  Pi(V)JdV 

(2.2a) 

1 

1 

J 

faCV)  + 2b  (V)  xj  dV 

(2.2b) 

(2.2c) 

where 


^B-^a 


-(PVg)®  + t{V)T®}  dV 


For  chemical  equilibrium: 


wnere 


-RT  in  Kp(T)  = -ZnJ^  (F°-H°)3^,  (H°)i  ' i 

j 

(one  such  equation  for  each  Independent  chemical  reaction). 

In  (2.l)-(2.3)  E,  S,  and are  Internal  energy, 
entropy,  and  chemical  potential,  respectively.  A super-  | 
script  o refers  to  the  reference  state  (ideal  gas  or  x'eal  ^ 
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solid  at  pressure  P®  and  temperatiupe  T)*,  with  being 
the  enthalpy  of  fomation  fra&  the  elesnents;  and  are 
the  mole  fraction  and  number  of  molea  of  cosqponent 
"8  - X"!-  In  (2,Z)  the  are  the  coefficients^  of  the 

chemical  reaction,  positive  for  products  and  negative  for 
reac taints,  and  the  subscript  g for  a sum  indicates  it  ia 
for  gaseous  cimiponenta  only. 

The  thermodyna^iic  state  of  the  detonation  products  is 
defined  by  the  Hugohiot  equation 

h a B -Eg  - i (P  + Pg)  (V^  -V)  - 0 (2.4) 

#•' 

and  the  Chapman-Jouguet  condition 


In(2.4)  the  subscript  o refers  tio  the  undetonated  explo- 
sive, with  given  by 

+ Zk4(H°(To>  -Vo  (2-®) 

J 

where  is  the  molar  enthalpy  of  formation  of  the 

explosive  at  and  is  the  number  of  moles  of  element  J 
in  one  mole  of  explosive. 


*In  evaluating  the  thermodynamic  functions  for  the 
solid  we  have  neglected  (FV_)°,  and  approximated  Vz  by 

"°(T  = 25°C)  . 


'B 


8 


«» 


In  the  usual  statement  of  the  C“J  condition 


is  to  be  evaluated  for  equilibrium  composition.  However, 
Klrla*iood  and  Wood,  J.  Chem.  Phys.,  In  press,  have  recently 
shown  that  this  derivative  should  be  evaluated  with  frozen 
composition.  Our  calculations  have  used  the  older  state- 
ment of  the  C-J  conditions,  but  there  is  very  little 
difference  between  the  two,  at  least  for  our  equation  of 
state.  Check  calculations  showed  that  the  use  of  the 
correct  C-J  condition  v/ould  decrease  Pq_j  ty  less  than  one 

percent  at  the  lowest  loar’liig  densities  of  Interest 
( /^  =»  1.2)  and  made  almost  no  change  at  high  loading 

density. 


- — rtumifiarirf  1 r 

i 

FlcScstt^^  Sid  Cotran 


3.  CALCULATIONa 


The  detonation  produata  were  assuined  to  be  made  up  of 
the  following  chemical,  component  st 

2)C0^,  3)C0,  4)H20,  5)N2>  6)N0/  7)C(graphite)  (3.1) 


Oxygen  was  not  included,  since  none  of  the  explosives  con- 
sidered were  mox^e.  oxygen  rich,  than  BBX,  wlilch  ta 

HgO,  and  CO.  In  some  preliminary  calculations  on  IBK 
CPC  equipment  some  of  the  components  considered  by 
Kirkwood,  et  viz.  NH,,  CH^,  and  OH  were  also  in- 

cluded; these  were  found  to  be  present  in  small  though  not 
negligible  amounts. 

For  the  final  calculations,  however,  the  set  (3.1) 
was  used  in  order  to  simplify  the  solution  of  the  equili- 
brium equations  and  thereby  reduce  the  machine  time 
required.  Although  this  set  is  jrather  restricted,  conqpcn- 
ents  of  differing  size  (H2>  COg)  and  ’with  positive  heat  of 
ic.-Tnatlon  (NO)  are  Included. 


It  was  found  that  with  this  set  of  components  the 
determination  of  the  equilibrium  composition,  given  k,  n^, 

Vg,  and  T,  could  be  reduced  analytically  to  the  solution* 
of  one  equation  in  one  unknovm.  With  solid  cai’bon  present 


this  unknown  was  n, 


CO' 


with  carbon  absent. 


•The  reference-state  thermodynamic  functions  and 
enthalpies  of  formation  were  caken  from  the  tables 
published  by  the  National  Bux’eau  of  Standards, C"*)  The 
enthalpies  of  format  . on  of  the  explosives  are  given  in 
Table  I» 


j 


The  calculations  were  done  on  IBM  701  digital  com- 
puters. It  was  foimd  quite  feasible  to  code  a single 
problem  to  calculate  adiabatic  or  Kugonlot  curves,  as  well 
as  detonation  velcclties.  In  order  to  produce  points  on 
these  curves  Eqs.  (1.1),  (1.2),  and  (2.1b),  (2.2b)  (for  an 
adiabat)  or  (2.4)  (for  a Ilugoniot)  were  solved  by  itera- 
tion to  obtain  values  of  V and  T for  the  given  S or  h (=o), 
with  the  composition  given  by  Eqs.  (2.3)  and  the  mass 
balance  relations.  The  detonation  velocity  was  determit*ed 
by  finding  the  point  on  the  Hugoniot  where 


(3.2) 


had  its  minimum  value;  this  is  equi\alent  to  satisfying 
the  C-J  condition  (2.5)  with  (^P/^V)g  evaluated  with 
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% 


eqttlllbriuxn  composition^ 


S&BLS  r 

Heats  of  Formation,  oT  thfe  Kap^oalwam 


RDX* 


C H O 
^3.3  6.2^8^5.6 


(^f)e 

kcal/mole  at  25^ 
+ 14.71 
- 17.81 


•f  0.49 


’ *E.  J.  Prosen  (NBS)j  private  communication. 

Vi 

G.  Stegeman,  NDRC  Dlvision-S  Interim  Report  PT-7  (1943). 
®I.,  Sitney  (LASL) , unpublished  communication.. 

^Explosive  presently  classified. 


The  time  required  for  the  calculation  of  one  adiabat 
or  Hugonlot  point  was  about  20  sec.j  for  a detonation 
velocity,  an  average  of  about  140  seconds. 

4.  EFFECTS  OF  THE  PARAMETERS 

In  order  to  determine  the  effects  of  the  various 
parameters  on  the  calculated  D-  curve  and  ?q_j>  explora* 

tory  calculations  were  carried  out  for  one  explosive, 
65/35  RDX/TNT.  In  order  to  save  calculating  time,  these 
were  carried  out  under  the  assumption  of  a fixed  product 
composition  resulting  from  the  following  decomposition 
equation 


q r s t 


5 H„0  + (a-  I)  CO  + (q-S+|)  C + $ N, 


(4.1) 


A set  of  geometrical  covolume  values  (Table  III)  was  used, 
though  with  fixed  composition  the  individual  values  of  the 
k^  are  unimportant.  The  other  parameters  were  varied  from 

the  values 


0.6, 


0.06, 


(4.2) 
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which"  were  foxmd  to  give  approximate  agreement  with  the  . 

intal  3X  - and  The  results  of  the  calcula- 

tlona>^e  summarized;  in  Figures  1 through  5.*  ' 


t 

I 


/ 


/ 


Viewed  from  the  standpoint  of  attempting  to  reproduce  | 
^experimental  data^  the  effects  of  the  parameters  may  be 
pictured  as  follows! 

The  value  of)(  may  be  changed  to  raise  or  lower  the 
D ~ g curve  without  greatly  changing  its  shape  (Flg» 

0 may  then  be  used  to  change  its  shape  and  slope  while  y i 
is  varied  so  as  to  preserve  a given  value  of  D at  one  i 

point  (Pig.  2).  Then  the  calculated  C-J  pressure  may  be  j 
changed  by  varying  oi  — (i  and  X always  being  adjusted  so  as 
to  best  match  D - (Pigs.  3 and  4) , Alpha  also  has  a 

considerable  effect  on  the  C-J  temperature  (Pig.  3).  i 

There  exist  no  accurate  experimental  data  on  T«  r*  tut  It 

V— w I 

is  noteworthy  that  the  T ve.  curve  for  ofm  0.45  is  j 

similar  to  that  obtained  at  this  laboratory  from  prelim-  1 
inary  calculations  with  the.Lennard-Jones-Devonshlre  free-  ] 
volume  equation  of  state, voi  ‘ j 

• I 

In  order  to  gain  some  idea  of  the  effect  of  the  I 

carbon  equation  of  state,  calculations  were  made  with  the  I 
assumption  that  the  carbon  retained  its  normal  volume,  and  | 
also  with  the  two  equations  of  state  for  carbon  mentioned  I 
in  the  footnote  below.  The  results  are  shown  In  Plgui'»  5.  i 

5.  RESUI/TS  ] 


i 

I 

I 


I 


1 

i 


m 


( 


By  assuming  a fixed  product  composition  and  varying  | 
the  parameters  as  described  above,  a set  of  values  for  , I 
{3,  and  X was  found  which  gave  results  in  good  agreement  ! 


♦These  parameter  studies  differed  from  the  final  cal- 
culations In  that  they  used  a more  incompressible  equation 
of  state  for  carbon  than  that  which  was  finally  adopted 
and  used  In  the  main  calculations.  The  equaticn  of  state 
for  carbon  was  first  based  on  an  Inberpolatlon  between  the 
static  measurements  of  P.  V/.  Bridgeman,  Proc,  Am.  Acad. 
Sci.,  7_6,  55-87  (1948),  and  Thomas -Fermi-Dirac;  calcula- 
tions made  by  R.  D.  Cowan  at  this  laboratory  (unpublished 
communication).  Recently,  however,  J.  M.  Walsh  has 
obtained  points  on  the  shock  Hugoniot  of  graphite  (unpub- 
lished communication)  by  a dynamic  method  similar  to  that 
v;hlch  he  has  used  for  aluminum,  Phys.  Rev.  (in  press). 

The  carbon  equation  of  state  used  in  the  final  calcula- 
tions, Eq.  (1.2),  was  based  on  this  work  and  was 
considerably  more  compressible  than  the  one  described 
above. 
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The  Effect  of  a on  P va.  />q  and  T va. 
and  K Choaen  to  Match  Experimental  D - A 


The  Effect  of  a on  P^  j ( /Jj  ■ 1.715)  ;p  and  X 
Chosen  to  Match  Experimental  D - />  . 


Flokett  and  Cowan 


Pig,  5.  Effect  of  the  Graphite  Equation  of  State  on 
D - a - IncoxnpresBlble,  B - Graphite 

Equation  of  State  used  in  the  Parameter 
Studies,  C - Graphite  Equation  of  State  used 
In  the  Pinal  Calculations  (see  footnote  on 
P.  271). 


with  experiment  for  65/35  RDX/TNT.  It  was  found  that  with 
equilibrium  composition  (and  the  "geometrical'*  dis- 
cussed below)  a not  very  different  set  also  produced  good 
.agreement.  The  question  of  how  v/ell  a single  set  of 
parameters  cr  ^Id  be  made  to  serve  for  several  explosives 
was  then  investigated. 

The  experimental  data  used  were  measurements  of  D - 
and  Pq._j  at  maximum  loading  density  for  a group  of  five 
related  explosives. These  data  are  given  in 
Table  II  and  v/ere  obtained  as  follows: 

Measurements  of  the  detonation  velocity  for  lr,flnite 
diameter,  1^  , v;ere  made  for  each  explosive  at  two 
densities,  = 1.2  and  the  highest  obtainable  by 
pressing  or  casting.  (Values  of  D,,  were  obtrlned  by 
firing  charges  of  different  diameter  d and  extrapolating 
D vs.  1/d).  It  was  assumed  on  the  basis  of  previous  work. 
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TABLE  XI 


Plokett  aod  Gcmaxt 


both  at  ^ils  laboratory  and  elaevhere^^^^  that  over  thta 
rans®  loading  density  D va*  could  be  represented  by 

a straight  line  within  experinantal.  error..  ^ 

Ihe  dural  pressures  In  Table  IT  were  Obtained  b3r 
me&surenents  of  shock  and  free-surfaee  velo(;^>ies  In  dural 
plates  driven  by  the  appropriate  explosive. The  ' 
explosive  C-J  pressure  is  then  given  terms  of  the 
metal  pressxire  by  the^matchlng  conditions  at  the 

metal  interfaces 


li.-  ^ ^ ^folV<"otPt)  . 


1 + R 


^^or^r/^oi^l  (5.1) 


where  the  subscripts  i«  and  t refer  to  the  Incident, 
reflected,  and  transmitted  shocks  respectively,  and  the 
subscript,  o refers  to  material  ahoad  of  the  shook.  All 
volooitlca  are  referred  to  the  material  ahead  of  the  shock 
In  question.  ' The  value  of  R need  not  be  known  accurate - 
ly(l4)  the  so-called  “acoustic  approximation*  R ■ 1 
giving  results  correct  to  within  a percent  or  so.  ITa  have 
used  values  of  R obtained  by  calculating  shook  curves 
for  the  detonation  products  (Table  IV). 


The  measurements  of  and  D - 


were  taken  on 


exploolvos  of  slightly  differing  ccnpooltion  and  density, 
so  all  the  data  i^cre  corrected  to  the  ccnposltion  and 
density  values  In  Table  XI  by  means  of  an  error  expression 
obtained  by  differential  analysis  of  (5.1)  with  R » 1 and 
maldns  uoe  of  the  experimental  dependence- of  D on  compo- 
sition and  density: 


- -0.86  6^  -0,0023  B CSRDX) 


(5.2) 


In  which  is  the  exporlmentally  measured  free -surface 
velocity. 

In  attempting  to  determine  a set  of  equatlon-of-state 
parameters  this  experimental  data,  wa  started  with  a 

Bot  of  "geometrical"  k^  (Table  HI)  based  on  molecular 

sizes  estimated  from  both  virleil -coefficient  data  and 
spherical  volumes  from  bond  lengths  and  van  der  Waals 
radii.  Using  these  k^  in  prelimlixary  calculations  it  was 

found  that  0.5,  /3k  0.09,  V « 11.85*  would  give  D - 


^^'‘Nflth  the  kj^  scaled  so  that 


that  used  by  Brinkley  and  Ullson. 


J2) 


was  about  the  same  as 
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and  cleae  ta  the  experlaental  valnM  for  O/M 

BDX/TNT . However^,  the  a^reaaent  for  otter  eoqplooltm  mm 
rather  poor  (Pig^*  sK  A.  least^mipxmxmm  vmovmam  warn  ttew* 
fore  carried  out  ^th  this  amam  M and  to  tetosHSoo  • 
aet  of  which  would  give  the  beat  asreaoaBft  oltli  all  flvo 

explosives.  The  rather  surprising  reault  ttet  tte  zoo^ksoa 

Z CQ  CQ2^  -It  C 

shifts  from  far  left  to  far  right  aa  la  Increaaad 

through  the  range  of  Interest  caused  us  to  let  polata  of 
different  for  the  same  explosive  enter  tte  least  a^uar- 

Ing  on  an  equal  v/elght  with  those  from  different  eaplo- 
sivea.  Accordingly^  the  least  squaring  was  carried  oot  aa 
follows: 

Using  a guessed  set  of  k^,  a value  of  k -itZVl 

was  determined  at  fotir  loading  densities  (1.2,  1.4,  l.f, 
and  maximum)  for  each  of  the  five  explosives  by  adjustl^ 

X in  each  case  until  the  calculated  D was  equa\  to  the 
experimental  value.  If  we  designate  these  values  of  k aa 
^obd  then  have  a set  of  20  linear  equations  for  the 

set  of  k^: 

^ ^1  ^^obs^r*  ^ (5^3j 

These  were  solved  by  least  squares  for  a new  set  of  k^.* 


*In  a preliminary  trial  of  the  least -squaring  process 
on  three  explosives  with  o<=»  0.6  it  was  found  that  carry- 
ing out  the  entire  least-squaring  process  a second  time 
(starting  with  the  produced  from  the  first  least  squar- 
ing) produced  almost ^no  change  in  the  k^.  It  was  also 
found  that  the  rather  sizeable  change  in  from  the  ini- 
tial geometrical  set  to  the  first  least-square  set 
produced  composition  changes  of  at  most  a few  percent  of 
the  original  mole  fractions. 

Since  the  determination  of  so  many  k^j^^  is  rather 

expensive  In  machine  time,  the  final  least  squaring  was 
started  v/ith  the  k^  from  the  above  trial  mm  and  was  done 

only  once. 


Fielcett  arKt  Cowsir 


Thc-  first  result  of  this  procoss  ’.vas  larfje  negative 
values  -for  kj^  and  probably  because  Ho  £nd  NO  were 

present  In  such  small  amounts^  ThereTare  the  equafelaaa 
were  solved  ac^iln  with  these  two  covoiurnes  held  constant 
at  their  original  values  (multiplied  by  the  average  K from 
the  determination  of  all  of  the  k^.„).  Tabic  III  contains 

the  reeultlng  together  with  ciir  '^geometrical'^  set  and 

tte  Tallies  obtained  by  Brinkley  and  Wilson.  The  set 
obtained  by  Christian  and  Snay  is  rather  different  from 

or 


TABLE  III 
Values  of 


153 

687 

386 

108 

553 

^180 

670 

390 

560 

580 

2153 

7910 

4622 

4267 

450i. 

2133 

6407 

3383 

365S 

6267 

Wilson'*^' 


"Geometrical" 


Least  Square 


Original  set  chosen  so  that  k^Q  would  be  about 
the  same  as  that  used  by  Brinkley-Wllson.. 

Scaled  by  the  average  X (11.85)  from  the 
determination  of  all  of  the  (see  text). 


In  Figures  6 and  7 the  calculated  results  for  D - ^ 

are  compared  with  experiment  for  both  the  geometrical  and 
the  least -square  k^.  (To  avoid  confusion,  results  for 

only  three  explosives  are  shovm;  the  others  are  qualita- 
tively similar.)  It  can  be  seen  that  with  the  least- 
square  fairly  good  agreement  is  obtained.  The  values 

of  the  parameters  thus  determined  are 


v"  N,"  \ 
V 


Fig.  6.  Comparleon  of  Calculated  and  Experimental  D - /J  Ourvea  for  "0ecffle tribal 
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(9-  0.09  (S.tll 

k ~ 1.0  , ' 

» least -square  aet«  Table  HX* 

' ] 

The  pressures  calcxilated  with  this  set  of  parajoeters 

are  coniparsd  with  the  experimental  values  In  Table  II. 

The  variation  of  C-J  temperature  and  pressure  with 
Ibadiiig  density  for  three  explosives  is  shown  in  Figure  8. 
In  Table  IV  are  given  0^*03^  65/35  RD3^/TnT)  some  points  on  I 
the  adlabat  passing  through  the  C-J  point  and  also  on  the  • 
shock  Hugonlot  for  the  detonation  products  which  o:  Igi-  ] 

nates  at  the  C-J  point.  It  can  be  seen  that  for  all  i 

practical  purposes  these  are  identical  over  the  region* 
which  can  be  studied  by  the  interaction  of  plane  detona* 
tlon  waves  with  stationaiv  metal  plates. 

6.  DISCUSSI(»I 

As  can  be  seen  from  Figure  7 and  Table  II  the  agree- 
ment with  experiment  is  good  in  the  case  of  D vs.  £uvlj 

with  the  exception  of  TNT,  fairly  good  in  the  case  of 
Pq  j.  The  signs  of  the  disagreement  at  both  extremes  of 

composition  may  be  interesting:  The  calculated  high- 
density  D is  low  for  RDX,  high  for  TNT.  For  on  tho 

other  hand,  the  calculated  values  are  high  for  both  BDX 
and  TNCP.. 

The  disagreement  of  the  calculated  and  experimental 
Pq  J rather  large.  Perhaps  a more  enlightening 

comparison  of  theory  and  experiment  caji  be  made  with  a 
quantity  related  to  the  adiabatic  compresalbillty; 


hi 


( 


1 


This  expression  can  be  obtained  from  Eqs.  (2.5)  and  (3.2/ 
by  neglecting  P^.  The  values  of  obtained  from  the 

experimental  D,  and  P,  together  with  the  calculated 

values  of  and  the  fraction  of  total  volume  occupied  by 
graphite  are  shovm  in  Table  V. 
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Plcnetlr  and:  Clawnr 


Adiabat 

/ 


TAffiS  Vt 


and  Shoclc  Hogoniot  Thrtnxgh:  the  C-J  Feint 


Adlahat 


Wo 

P 

V 

P 

R(Eq.5.l) 

0.600 

0.5320 

2.98 

0.5344 

1.259 

0.625 

0.4713 

2.96 

0.4723 

1,202 

0.650 

o.4isa 

0*4203. 

l.lSl 

0.675^ 

0.3757 

2.93 

0.3757 

1.104 

0.700 

0,3378 

2.91 

0.3378 

1.063 

0.725 

0.3050 

2.90 

0.3050 

1.025 

0.743(CJ) 

0,2843 

2.89 

0.2843 

1.000 

0.750 

0.2765 

2.89 

0.800 

0.2296 

2.85 

0.900 

0.1643 

2.01 

1.000 

0.1223 

2.76 

1.2 

0.0743 

2.69 

1.4 

0.0493 

2.62. 

1.6 

0.0349 

2.55 

1.8 

0.0259 

2.50 

2.0 

0.0200 

' 

RD 

65/35  RDX/TNT 
TN 


I '3^1 

I 


Chapman -Jo\iguet  Pressure  and  Temperature 
Calculated  with  the  Final  Set  of  Parameter 
Values  (5.5). 
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I 

I 

I 

1 

I 


1 


1 
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Pickett  and  CoKatt 


TASLB  Y 


Explosive 

Experimental 

Qaleulat,^ 

1 

RDX 

m 

3.04 

2.906 

0,0497 

.1 

g 2.93 

2.902 

0.0633 

1 

73/22  RDX/Bir 

Q»Q7a& 

1 

i 

65/35  RDX/TNT 

2.79 

2.807 

0.0945 

1 

; 

1 

TNT 

3.47 

2 . 912 

0,1637 

1 

1 

— h' 

It  can  be  seen  that  both  calculated  and  experlmenttii  I 
tf*<a  have  a minimum  as  a function  of  $ RDX.  The  former  is] 
undoubtedly  due  principally  to  the  large  of  graphite,  j 
(For  our  graphite  equation  of  state  at  the  TNT  C-J  point, 

I*  » 5.65>.  Assufflins  that  the  usual  equilibrium  detona- 
tion theory  applies*  there  are  two  possibilities  which 
could  explain  our  low  for  TNT:  a)  the  y*  for  graphite 
is  low,  or  there  should  be  more  graphite  presentj  or 
b)  the  gas  equation  of  state  does  not  predicc  a suffi- 
ciently large  change  in  y*  with  changes  in  gas  ooraposltlon^ 
or  the  gas  composition  should  be  different  from  what  it  Isj 
(probably  in  the  direction  of  larger  components) . 

In  addition  to  this  poor  agreement  with  the  experi- 
mental ^C-J  for  TNT,  the  equation  of  state  (l.l)  has  other] 

unattractive  features.  The  results  obtained  v/lth  the 
geometrical  (Pig.  6)  and  the  very  different  set  of 

(Table  III)  required  to  give  agreement  with  experiment 
indicate  that  a priori'  estimation  of  the  covolumes  is  i 
likely  to  be  unsatisfactory,  and  extensive  least  squaring  | 
together  with  additional  e.:perlment'al  data  would  be  \ 

required  for  the  Introduction  of  any  new  chemical  compo- 
nents into  the  detionatlon  products.  Also,  analytical  j 
examination  of  Eq;  (1.1)  reveals  that  as  Vg  is  decreased  i 
the  minimum  in  P vs.  T at  constant  Vg  will  again  occur.  | 
This  unphysical  behavior  reduces  confidence  in  the  equa- 
tion of  state,  particularly  if  It  is  to  be  extended  to 
smaller  volumes,  j 

This  equation  of  state  is  probably  fairly  reliable 
if  its  use  is  restricted  to  explosives  which  are  similar  j 
to  those  included  in  a determination  of  its  parsimeters,  | 
and  to  pressures  and  volumes  not  too  different  from  those  1 
existing  at  the  Chapman -Jouguet  point.  There  would  seem  I 
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to  be  little  JttBtification  for  it»  use  in  an  extended 
extrapolation  of  any  ecrt^ 

Sb  f\ariher  woric  is  planned  on  this  eqpatioit  of  ateetef 
instead  the  Lennard-Jonea -Devonshire  free  volume  equation 
of  atate  is  beins  investigated  for  use  along  these  aaine 

lines. 


7» 

The  authors  are  Indebted  to  Predericlc  R.  Parker  foi* 
help  with  the  machine  computations,  and  to  w.  Y.  Vood  for 
several  helpful  discussions. 
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A SOUD-STA'iB  ICGBL  POft  CBIOKATIDIU 


Eg  B«  "Biarlixi  and  J»  C«  diddlngs 
Uniyerait/  of  Utah 
Salt  Lake  Cltj^  Utah 


INI80DUCHM  • 

Uiere  are  stlU  two  fttndamantal  uaaoived  problei&a  in  the 
a&a3;fel8  of  the  Ideal  l9tirod7ziaid!c**tbeniodyxi^^  theory  of  detona- 
tion in  condensed  eoqploslvee*  Choe  of  these  Is  the  choice  of  an 
equation  of  state  fx^ybioh  to  calculate,  prlaarll7,  the  aechanleal 
Work  done  in  th^hapmaxrJouguet  ‘ eoapresslon.  other  Involves 
the  question  of  determining  the  chemical  cosqposltlon  at  the  Chap- 
BuuWouguet  point  and  from  this  the  change  jn  internal  energ;^*  The 
clanalcal  app^aeh  enqplOTS  Isperfect  gas  theory,  using  equilibrium  ■ 
oonstants  eoctrapolated  from  relatively  low  tenperatures,  ani  assumes 
that  the  Chapmair-Jouguet  products  are  normal,  stable  molecules* 
VhUe  this  is  certainly  correot  for  gaseous  detonations  and  prob- 
ably a gpol  approodmatlQn  for  condensed  eoqplosivea  at  vezy  low  den- 
altiee  (large  void  space)  there  is  considerable  doubt  as  to  the 
truUifulnesa  of  the  baaio  ossusqitionB  at  the  hignpr  densities. 

Uaing  an  l2q>erfcut  gas  equation  of  state,  for  example,  it  is  fouzui. 
neoessa'  / to  make  exces^vely  large  fugaclty  corrections  in  order 
to  fit  esqierimental  detonation  velocity  data* 

The  equationa  of  state  that  have  been  proposed  td  cover  de- 
tonation pbenoiaena  are  as  varied  In  origin  and  purpose  as  in  cozr* 
tent.  Itich  success  baa  been  found,  espocially  in  the  last  decade, 
in  correlating  experimental  data  of  many  explosives  with  a eomoon 
theoretical  treatment.  The  equationa  developed  for  thla  express 
purpose  are  capable  of  approximately  predicting  results  for  many 
eEjqjloslvea.  Another  line  of  attack  however,  has  been  directed 
towards  predicting  detonation  velocities  without  the  use  of  detona- 
tion data.  The  results  of  such  equations  do  not  conpletely  agree 
with  observed  values  (as  might  be  expected,  considering  the  dif- 
fioulty  of  a rigorous  derivation  of  such  an  equation  cf  state)  but 
they  ar*e  sufficiently  accurate  to  suggest  the  essential  correctness 
of  the  usual  thermodynamic*- hydrodynamic  approach  to  the  dejbonation 
process.  /^\ 

In  the  first-class,  the  methods  of  Cook'  Halford,  Kistl- 
akowslop*  and  Wilson'  ' and  others,  have  led  to  especially  finiitful 
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resul^yin  predicting  ^atcaa^Satt  veloeltias»  An  approaoti 
Jone».^^  has  also  been  uaed^  but  not.  aa  axtay&veXf.  Bot&  Cook 
aaf  Jteies  have  nsed  a c^xlified  Abel  aviation  or  state^.  Cbck  u^ing 
tbs  restrietlve  condition  that  (dd/d^  (7  (irbere  a is  the  oovol-^* 
uaie)«  idrareas  Jones  has  used  the  eot(^tion  that  (,daj37) 

Srevlnus  to  this  the  Abel  '^rpe  of  equation  vas  quite  ineful  wfasn 
a was  regarded  as  a eonstazxt  depr  lent  upon  initial  loading  dexr 
altyv^/*  13ils  fona  of  the  equatoon  Isj  of  oourae>  convenient 
fbor  Its  siiqplieltjv  m 

In  the  latter  class,  Jones^^  applied  data  fJroa  hlgh-pres*- 


stre  ■easurements  on  nitrogen  to  a solid  state  model,  and  ob* 
tained  values  about  17  per  cent  above  the  observed  detoxiation 
velocities.  Kihara  and  Hikita(6)  have  derived  a virlal  type  of 
equation  %d.th  the  Ixtteznoleeular  forces  assumed  to  be  given  by 
the  repulsive  tern  oxily^  of  a lennard’^Tones  type  ecpxation.  The 
eoepon^  of  the  distance  vas  determined  firom  detonation  data,  and 
vas  found  to  have  the  value  of  9,  which  agrees  quite  vail  with 
kinetic  theory  measurements*  Cottrell  and  Pattersonv?)  have  used 


the  values  for  the  oonpresslon  energy  of  a hydrogen  moleouleHLon 
that  weere  ebtained  from  quantum  aschanisal  calculations*  The 
detonation  velocity  predicted  by  their  thsorjr  vas  Sn  good  agrees 
meet  with  experimental  values.  Both  these  workers,  as  veil  as 
Jones,  fitted  parameters  to  detonation  velocity  meaeuretnenta  for 
the  final  analyse,  although  this  vas  not  neoessazy  to  demonstrate 
a satisfactory  agreementii  /q\ 

Andersen  and  Parlin'  ' have  recently  derived  equations 
based  upon  the  concept  that  at  hi^  densities  the  Chapsoan’^Jouguet 
(CJ)  Tvroducts  form  a lattice  stzucture,  and  the  corresponding  d0* 
greea  of  freedom  arc  vibratijonal*  Cio  primary  ooxitribution  to 
their  equation  of  state  follows  trea.  m tens  expresslisg  the  change 
of  vibrational  frequency  with  volume.  The  value  of  a parameter 
used  in  their  theory  was  detersdned  Sem.  detonation  data,  and 
found  to  be  In  approximate  agreement  with  solid  state  theory.  The 
aquatixuia  derived  by  these  vrorkera  are  exceedixjgXy  easy  to  apply 
in  px*aotioal  detonation  velocity  calculations* 

In  vdiat  follows,  the  lattice  concept  ia(d)  is  retained* 


The  equations  are  extended  to  include  a very  large  range  of  load* 
ing  densities  by  requiring  the  equation  of  state  to  reduce  to  the 
perfect  gas  equation  at  high  volumes.  Factors  other  than  the 
equation  of  state  may  be  expected  to  vitiate  the  treatment  in  the 
low  density  region,  of  covurse.  All  psxameters  are  determined  by 
physical  data  outside  the  field  of  detonations,  and  the  results 
agree  to  within  about  13  per  cent  with  the  eocperimental  detonation 
velocities.  The  dependence  of  detonation  velocity  upon  loading 
density  is  also  in  agreement  with  experimental  findings.  The 
equations  derived  lead  very  naturally  to  the  concept  of  universal 
etorvea  of  the  reduced  variables,  velocity,  volume,  teii5>eraturo, 
pressure  and  material  velocity  vs.  the  reduced  loading  density. 
Such  relationships  are  particularly  simple  in  application  since  a 
siogle  solution  of  the  equation  is  sufficient  for  all  different 
explosives  \iader  varying  Initial  conditions.  Finally  the  results 
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ef  'eti]i9i£^ioe»  are  applied  to  sereral  aotual  eocploaivea  aind  the. 
aneri^  eorrelation  vith.  B»a8^zred  velooitiea  ahoimr 

ciBigatt  ooiBiasHbkCT^ 

SiisBe  the  Tardow  aoleetiZittr  Aagaente  at  tfte  CJ  surface 
are  confloed  by  extremlj  high  prasaures,.  they  tdJLl  occupy  a vol* 
uae  ocaaparable  to  that  of  the  solid  orystalltne  flacploalve  ' itself 
at  room  temperature.  This  voluzae  may  reasonably  be  presumed  to 
depend  strongly  upon  the  initial  loading  density!  at  aaxis&iBL 

density  tte  final  CJ  voluzae  nay  bo  seventy^-five  per  cent 
of  the  ondetozuLted  crystal  voluzae^  and  as  the  Iziltial  explosive 
Is  Bsde  to  occupy  a larger  voluznoj  the  CJ  products  also  becozne 
■ore  Tolunlnoua.  A theoretical  treatsssnt  of  the  detonation  pro'« 
oeea  m^.il  depend  upon  the  theoretically  predicted  properties  of 
these  hlg^-dszisity  CJ  products.  The  properties  that  are  so  de^ 
rived  depenl  upon  the  modal  used  for  Intaratomia  and  interanlecur 
lar  potentials^  and  the  rtmpH  ficatlons  that  are  made  In  the 
evaluation  of  the  configuration  1 partition  fuziction.  An  exact* 
Ing  aezzilazipirtale  approach  (the  eigolrieiam  of  which  should  not 
depexKl  ipon  detonation  data  per  se")  uould  eziploy  experimental 
data  Aron  Idnetin  theoiyj  solid  state  idzyslcs^  etc*  ?rom  the 
above  the  form  of  the  partition  function  is  obtained7le  in  prlncl- 
pLSi  but  not  vlthoxtt  considerable  difficulty. 

SoasMhat  alaplified  models  may  be  assumed  however^  and 
some  of  these  lead  to  a prediction  of  the  detozsation  velMlby 
with  cozxsiderable  accuracy.  Thus  the  Abel  equation  of  state  can 
be  derived  ft^on  the  hard*8phere  zzmdel  of  a gasj  this  equation  is 
zzost  sucoesaful  at  low  loading  densities.  HovFever>  the  ccrrsct 
results  for  detonation  velocities  are  obtained  only  if  the  sise 
of  the  hard  spheres  is  made  dependent  upon  the  Initial  loading 
density  of  the  explosire. 

The  Andersen^Parlin  equation  of  state  Is  derived  Aroza  a 
solid  state^  hanoonic-oscillator  model,  the  Arequoitty  of  lAidl 
Increases  as  the  «nth  power  of  the  rolumo.  T]^  equation  is 
suooessfi^  In  the  hlgh-loadlzig  density  region  with  reasonable 
values  of  &wever,  n must  bo  zziade  to  depezmi  upon  the  initial 
loading  density  In  order  to  preClct  detonation  velocities* 

In  this  region  of  high  loading  densities,  there  is  doubt* 
less  an  advantage  In  cozzpaxing  the  CJ  products  to  a solid. 
Certainly  the  thermal  znctlon  of  a given  isolecule  will  be  a peri- 
odic vibration  within  a small  cozifinezoent  space,  and  not  a trans* 
latlon  along  a path  of  uniform  potential  (which  latter  assusption 
leads  both  to  the  perfect  gas  and  the  Ab^I  equations  of  state). 

As  the  loaxUng  dezasity  is  greatly  decreased,  however,  the  perfeot 
gas  iw  zzzust  certainly  eventzzaUy  bccozne  applicable. 

In  this  paper  e simplified  model  of  a vibrating  solid 
leads  tc  a partition  function,  from  which  the  equatlxm  of  state 
is  derived.  In  tills  partition  function  are  three  fundamental 
parazseters.  At  very  low  specific  volumes  the  only  important 
forces  are  repulsive,  and  the  value  of  one  parazoeter  is  detexm** 
Ined  by  the  ejqponent  of  the  repulsive  terra  in  a Lsnnard-Jones 
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of  potential-  oquatloBr.  The  conoitiott  that  the  perr^t  Ijas 
«({tiatiien  oT  atate:  !&  adequate  at  large  apecirie  volumes  fixes  the 
saoozid  parameter*..  The.  obvlx»i8  eoadition  that  the  repulsi^  sad 
attractive  forces  must  equllihxate  acoue  fixes  the  last 

of  these  parameters*  The  partition  fttootloB. that  vs  intend  'to  izsv 
is,  as  in  the  previo\is  discusaion^  that  of  a HjQwnftMn 
oodiaL*  At  hi^  teBq>eraturee  the  oscillators  are  exalt”' 

ed^  and  the  partition  function  goes  oyer  into  the  forms 

e«  a (7)  , V • V (V)-  (1) 


The  Sinstein  vibrational  frequency  is  made  to  depend  upon 
the  voluno^  and  this  dependence  is  chosen  such  that  the  perfect 
gas  lav  results  at  high  voliaoes*  Since  it  has  been  the  object  to 
choose  a highly  simplified  partition  function^  there  are  a mmiber. 
x)f  BhortcoTnlnga  vhich  mist  be  corrected  for  in  a more  elaborate 
theory*  It  la  proposed  to  discuss  these  nowt 

1)  At  low  voXuaes  and  high  temperaturoa>.  an  anharmonle  . 
correction  may  add  important  terms  to‘£q«  1*  The 
potential  energy  of  a vibrating  molecule  is  usually 
expanded  in  a power  series  sbout  the  point  of 
energy*  Only  the  quadratic  term  Is  retained  for  low 
amplitude  vibrations^  and  this  term  leads  to  the  factor 
kT/^  of  Eq*  1*  In  the  high  temperature  region^  the 
hl^er  order  terms  of  the  cq>ansion  should  be  kept  (ber- 
eause  of  the  large  average  anplitudes)  and  the  conflict 
urational  integral  re^evalnated* 

li)  Althou^  the  Areqnenoy^  w,  depends  upon  volume  in  such 
a way  that  the  perfect  gas  law  results  at  large  volumes^ 
the  partit^n  function  above  is  obviousiy  uot  oorreot  at 
the  higher  volimes*  It  is  important  to  note  that  Eq*  1 
predicts  a specific  heat  of  for  evtoy  degree  of  fraer> 
dom  for  all  volumes*  At  large  volumes  many  degrees  of 
Areedosu  will  actually  be  translational  and  rotatlox^  - 
and  thus  vUl  contribute  only  l/Z  ^ to  the  spectfia  heat 
At  intexmediata  volumes,  eome  i^ezmeolate  speclfiA 
heat  win  res\ilt*  Because  of  this  dependence  of  specif** 
ic  heat  upon  volume,  the  tesperature  dependence  pre- 
dicted by  Eq*  1 will  necessarily  be  uxurellable* 

ill)  The  equation  of  atate  at  low  volumos  la  that  obtained 
by  assuming  repulsion  energy  between  atoms  that  varies 
as  some  inverse  power  of  the  distance  between  the  atoms, 
idiere  this  power  is  probably  something  of  the  ordeb  of 
from  nine  to  twelve.  On  the  other  hand,  the  equation  of 
state,  at  high  volumes  is  Just,  that  of  a perfect  gas* 

The  regioa  between  those  eoctremea  Is  joined  smoothly 
but  in  a somewhat  arbitrary  way.  There  is  not  a 
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defictite,  voU  oattUlrtied  aod^  a««d  fcr  thi«  “lapvr- 
feet  gee"  regies.  Asong  other  factors  Is  the  mwan^l 
entjTopy  eontribatioa>.  vhieh  vooljr  faersses  Arcs  ssro  to  . 
B as  the  ^Ixdis  Inersasss;  9hs  proper  sosrsotisa  vobK 
add  thls.ooatrlbatlon  in  the  reidon  in  ehish  the  xuMk- 
losaUxation  of  aeleeules  becomes  important^  bat  the 
partition  fonction  voold  otheiiriBe  bs  unaffected. 

lhat  these  and  other  diffieoltiss  exist  is  a primarj  rsasoa 
for  the  diff iooitT-  eaqjerisnesd  in-  predietiBg  detonatiou  paraneterr 
on  a purely  theoretical  basis.  It' is  likely  that  all  of  the  eox^ 
rections  demanded  by  the  remarks  above  would  be  insunaountably 
difficult  to  formulate  at  the  present  tiae^  and  it  is  eq:ually  preb* 
able  that  any  such  formalism  would  bs  so  eumberaoms  that  it  weald 
demand  extremely  laborious  methods  to  solve  for  final  detonation 
propertiea.  Ihua  wa  propose  2q.  1 for  its  simplicity,  and  it  ia  ef 
interest  that  both  tho  detonation  velocity  and  its  dependeneo  open 
loading  density  are  found  to.  be  predictable  within  reasonable  !!»-' 
its  without  the  use  of  detonation  data  as  suoh. 

.THBOBI 

tn  the  following  diaeuesien  ws  will  use  as  the  partition 
function  ISq.  1,  for  the  species  charaoteriatie  of  tbs  CJ  plans  or 
sorfacs.  Ihs  equation  of  stats  and  the  thorcal  aquation  whioh  fol- 
low fra  this  partition  Action  are  then  givim  at 

p-kl{-2-^),  -If-  (2) 

5 ♦ eCv)  (3> 

As  usual  we  assume  the  customary  hydrodynomic-tberBodsmamio 
conditions]  the  thezmodynasio  properties,  of  the  system  are  detsrs- 
ined  by  the  partition  function  above.  Bis  nature  of  the  .thsmody^ 
namio  quantity  (&-S  ) in  the  Rugoniot  equation, 

E-E, -Xp  (V— V)  (4)* 

must  be  discussed  from  the  point  of  view  of  the  particular  i^el 
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choeea.  Since  energy  io  a property  of  u system's  state,  and  is 
independent  of  the  path  through  the  reaction  sons,  the  energy  dif- 
ference in  £q.  4 will  be  a function  of  the  Initial  state  and  the 
Chapman-Jouguet  state  of  the  eaqiloeive,  ond  we  may  choose  any  eoDr- 
venient  path  between  these.  ITe  have  considered  the  final  state  as 
a lattice  structure  with  each  atom  confined  by  its  neighbors  to  a 
certain  region  in  which  it  may  move.  Bio  composition  of  a - 

aubstance  is  usually  described  by  stating  the  nuzaber  of  atoms  of  a 
particular  type  that  are  bended  to  each  of  the  other  typee  of  atoms, 
(thus  the  composition  is  specified  when  we  knew  how  many  oxygen 
atoms  are  free,  and  how  many  are  bonded  to  another  oxys®^  atom,  how 
many  to  a carbon  to  form  CO,  etc.).  In  the  case  of  a lattice 

^ Ws  nei^ct  p-  in  cca^pariaon  icLthTp,  aa  we  deal  only  with  coa- 
donsed  explosives* 
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aftructure^  th^ecfl5>o-siliiro«  is  d^eiratned  by  the  number  and  typo^of 
nssseat  (to  a first:.  aPpsi^s^EDBation)!  nsljgjt^rs  for  a^y  representat  ive 
ato3S«  In  both  cases  the  composition  ie  detendned  by  ten^erature 
asdL  Tolofls*  In  particular^  at  teaperatnres  a glTen  atom:  msQr 
SDost  ta  &.  position  of  hi^er  energy  a 
' of.  entropy*  Thoa  with  a free  gas  as  a models  a oertala  atom  be 
fouxid  dlaffoolated  for  a fraction  of  the  tljne*  At  veiry  h<gti  teoqper* 
aturea  there  will  be  a layge  oomentration  of  free  atoms.  ^ lato 
tloe  nodel  is  meant ly  aneLLogona:  at  hi^  temperatures  an  on  Bbqr 
be  fbonti  in  a Isttioe  elte  of  hi^  energyCperhaps  surrouxj^d  by  at^*" 
OBS  whose  valenoea  are  cosgxLetely  saturated).  No  matterv^t  Its 
position^  the  atom  will  still  uzudergo  perlodio  vibratloiis  around  ^ 
point  of  ndniaum  energy. 

The  00115)0  sit  ion  that  we  are  interested  in  is  that  appropri- 
ate to  the  final  CJ  temperature  and  volume.  Now  let  the  following 
process  take  place:  the  inlt3.al  explosive  is  trahsfoxsed  into  the 
CJ  eaB5)osttion  at  xtonstant  volume  and  tes5)eratt[re.  The  energy  of 
the  CJ  con5)oaltijon  is  an  amount'  below  the  energy  of  the  Initial  - 
explnalvei  thus  an  amount  of  energy  Al)  is  released  in  this  process. 
Itfe  %orlie 

7*0“®!“^  15> 

idiere  is  the  energy  of  the  CJD  oompoaltion  at  the  initial  teii!5>er** 
ature  am  density.  Next  the  stahstancs  is  oc&5jrea8ed  and  heated  to 
ths  final  CJ  teiqperature  and  volurns*  This  brings  us  to  the  final 
state  of  vaevgjf  Squatinns  4 and  5 can  be  oondatned  to  elinlnata 

®o*  K - - AQ  + pCr^  - Y)  (6) 

InasBgaeh  *as  the  CJ  ooBqpoaitlon  depends  upon  the  CJ.'tolnme 
azsl  tes5>erature^  and  the  CJ  volume  and  teooDperature  depexid  upon  4Qi  * 
and  AQ  depends  upon  final  cosgpoaition,  normally  ozie  requires  iter- 
atixe 'methods  to  obtain  any  of  these  variables.  Of ' course  they 

will  depend  initial  density,  tes5>erature,  etc.,  as  well.  Ap- 
plioation  of  such  methods  using  i^erfeot  gas  model  seems  to  indi- 
cate, however,  that  AQ  varies  only  a few  per  cent  with  rather  wide 
chants  in  loading  density,  in  most  oases.  As  a first  approxima- 
tion, wa  will  therefore  assume  in  the  following  AQ  is  constant  fCr 
a given  explosive. 

Arom  Eqsk  3 and  6 we  obtain 

3a(T  - T^+  e - - AQ  + p(V^  - 7)  (6) 

since  *•  and  oquation  of  state  Eq,'2> 

can  be  arranged  into  the  fora, 

3 B T - A + B p 

A(V)  - - (d£/d7)(d7/d  In  v),  B(V)  — (dV/d  Inv)  (8) 
from  Sqs.  7 8,  solving  for  the  pressure,  we  obtain: 
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Cila  can  ba  cooibinad  with  tha  eq^tiona  of  fflocrantuni  /ind  aattaa^ 
eonearvaiion  in  tha  tiaaal  vajr  &nd  lead  to  tha  foUoiriAjt  eaq;>ra»- 
alon  for  tha  detonation  Yalooityi 

D».4;ajjs^ 


e-a-v  K|  4.^1  ) 

0 0 0 

Now  there  ia  a value  rf  the  variable  v auch  that  the  deto- 
nation velocity  ia  a ednltim^  and  for  ehieh  ^a  actual  detonation, 
velocity  ia  given*  Ihia  ia  a fom  of  the  Chapman-Jouget  eojoditieni 
and  ia  the  moat  convenient  way  to  datemina  the  atabla  detonation 
velocity  from  our  equationa.  For  certain  ocobinationa  of  the 
functiona  B(V),€  (V)  and  A(V)^  the  detonation  voluae  and  velocity 
ean  ba  OLaily  determined^  but  these  rather  oyecial  situations 
will  not  be  diacuaacd  now*  Suffice  it  to  aay  that  if  6 (V)  lo  tak- 
en proportional  toV  (V),  the  funotionV(V)  lauat  vaniah  and  tha  rt- 
aulting  algebra  ia  greatly  aimplified* 

Wdng  V«  aVro  and  consequently  € s (3/2)NahV”®,  it  haa 
already  been  shoanN®/  that  one  ia  led  to  the  result 


• a(n  ♦ 2)(^ 


CU) 


V - (n  + 2)/  (a^l)  . Vc  Cl2? 

. Ue  non  consider  the  general  eaeet  uaiag  the  equation  of 
state  given  in  B:i*  2*  The  detonation  velooity  will  depend  upon 
the  initial  loading  density  according  as  the  average  frequency 
depends  upon  the  volume  V*  The  latter  dependence  we  take  as 

V - (!/?«)  ♦ (h/f»)  (13? 

for  the  following  reaaona.  If  the  detonation  products  were  com- 
pressed from  some  greater  voluae  the  molecular  vibrational  fre- 
quency would  at  first  depend  verv  little  \ipon  the  volume.  At  a 
volume  V*^ , the  spocifio  volume  of  the  molecules  (without  void  space) 
a given-atom  will  be  in  “oontact"  position  with  its  neighbors*  At 
tt  voluao  slightly  smaller  than  V*  the  rapidl^  mounting  repulsive 
forces  will  determine  the  nature  of  each  atouk-a  motion;  Tilth  li>- 
crease  of  repulsion,  there  ia  an  increase  of  force  constant,  and 
of  average  vibrational  frequency. 

The  pressure  of  a confined  substance  is  the'  outwardly  di- 
rected momentum  transferred  to  a unit  of  area  per  unit  time*  Ab 
high  specific  volumes,  whan  groups  of  atcms  tend  to  have  an  Inde- 
pendent existence,  the  interatomic  vibrations  are  not  Impo'rtant  in 
determining  the  pressure,  since  these  vibrations  tend  to  cancel 
out  in  the  average,  as  regards  thpir  contribution  to  a directed 
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ooGittntQB.  Zn-  tbl»  rttsLcc:  of  denaittaa^  translations  are  all- 
loportant  r a translating^  grtaqr  trasafara  nat^^  ootaardljwlireetod 
jMMBtan  to  its  Boighborlng  aelocalaa>  Jkff  aoos.  aa  the  CJ  predoctv. 
ara  confined  to  a volaae  leas  than  V*,  boweveri  all  degrees  of 
freedoB  are 'Vibrational,  and  since  the  Important  forces  are  r^'tl** 
sire  there  elll  be  a net  outward  momentua  transfer*  Another  waj 
of  statins  the  same  principle  is  to  reoaric  that  mol eoular  rota* 
tions  tend  to  tts^^ear  at  aboat  the  aaao  tlAo  that  Ao3,eeular 
translations  do,  namely  when  molecular  identities  become  submerged 
into  a general  lattice*  Sinoo  frequency  ie  an  inverse  function 
of  volume  (of,Eq*  13  above),  pressure  likewise  will  be  an  inverse 
function,  as  will  be  shown  when  we  V^to  the  equation  of  state* 

It  haa  been  shown  previously^^^  that  if  the  potential  ener- 
ijj  between  atoms  depends  upon  the  distance  separating  them  as  an 
inverae  power,  e/r^,  the. low. solitude  (harmonic)  frequency  do> 
pends  upon  volume  ae  The  best  fit  to  kinetic  data 

is  found  for  a value  of  the  exponential  parameter  of  a 12*  Thus 
the  larger  ecqjonential  in  Eq*  10  will  be  approximately  ms7/3*  To 
determine  a value  of  n,  we  must  examine  the  thermal  equation*  It 
msy  be  mentioned  that  if  every  atom  acted  as  a free  translator  at 
high  volumes  V could  be  considered  as  the  muaber  t collisions 
with  a containing  wall,  and  would  be  proportional  to  the  reclpro- 
eal  of  the  translation  length,  or  the  reciprocal  one-third  power 
of  voltime*  In  that  case,  our  value  of  n would  equal  1/3  • 

Before  writing  the  eq^tion  of  state  we  will  determine  the 
values  of  a and  b.  Then  V=V*,  the  vibrational  frequaacyV*  will 
be  something  like  a normal  solid  vibrational  frequency  which  may 
be  assumed  to  be  known*  Since  at  volumes  less  than  V*  the  firat- 
term  on  the  right  of  Gq.  10  will  bo  important,  and  for  greater 
volumes  the  second  term  will  predominate,  Ve  will  let  these  terms 
equal  one  another  at  V-V*.  ‘ vse  conditions  determine  a and  bt 


As  a close  approximation  toV  and  V , we  will  let  these  be  the 
Sinatein  vibrational  frequency  and  the  epecifio  volume  of  the 
ondetonated  crystal  e^m^oslve,  respectively. 

Oefining  y c V/v  as  the  reduced  volume,  Eq.  13  becomes 

V - V*  V*“/yV*'‘  ♦ V*  V*7yV»“ 

lha  equation  of  state,  Eq.  2,  becomes 

p . -c38T//:§^-(Vv»)  § 


d In  V 
dV’ 
d£ 

ir  " ■ 


iL  R-LjslUz. 

• “V»y  * 1 + y 


tuat 


aB«icaa 


■»-Mr 


QaoXaa^£ijld; - 


fttrPir 


Ih#  l&st  aqufcttoirlg^t^  rajult  of  MWAing  th«  proportitmalitafjr 


t fv)  Nc  V 


(17) 


KjaiiUjrft^  tfas  «statLaa  of  AtAtA  la  vri&taa.  la  Varaa 
praaaibllltyt 

f''/RT  “ T+Y" 


(Id) 


(19) 


itt  Terjr  large  voZumea^  5^*  15  beeodea 

In  thla  region  the  ideal  gaa  law  approxlmateljr  holde  and  we  hayt 

p7A*T=A^  (2a) 

idiere  B*  ■ N*k  and  B > IQc‘,  and 


. N*  s noaber  of  tr^nalating  grcMipa  per  graa  at  low  deiH> 
ait]r»  and 

H = ttusih'er  of  aioaa  per  gran  of  explosive* 


If  the  arbitrary  deoon^oaition  aohecie  used  previcuOly'”'  ie 


(d) 


followed  to  obtain  the  number  of  translating  groupa  (ooleoules) 
divided  by  the  mtober  of  atoms,  an  average  fraction  equal  to  H*/d 
0,457  ie  obtained  and  hence  n **  n'/3N  » 0,152,  If  K'  eqiia£.ed  H 
then,  as  shown  previooaly,  n would  be  1/3* 

As  a final  result  of  using  the  frequency  dependenoe  of  BS;, 
15«  we  substitute  it  into  the  donation  equation,  Eq,  ID,  De- 
fining g aa  V whence  gx,  ^ and  using  the  definition 'of 
B(y)  one  obtains  the  result 

2 ^ 

(a) 

where 


•f(^)  - 


J±1 


(22) 


To  find  the  hydrodyzwmio  velocity,  we  differentiate  and  set  the 
derivative  of  the  detonation  velocity  with  respect  to  the  volume 
equal  to  sero,  Ihia  gives 

Ihs  quantities^,  D and(9(y)  most  be  finite  if  the  detonation 
velo^ty  ia  to  be  finite  so  that  we  must  have 
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<a*)' 


Sinea  wo  hoTo  fixod  the  values  of  s.  and  tho  rodaeod  vol- 
tttao  X dspondS'  only  upoo-tho.  rodueod  loading  denaity^  £•  For  la 
given  value  of  ^ Eq,  24  is  aolvod.  by  graphical  methods  to  obtain 
a value  of  vi^ues  of  ££  as  a function  of  g are  given  in  Fig,  !• 
Values  of  D are  obtained  from  Bq,  21  when  a value  of  ^ is 
known,  ^ depends  upon  C and  thus  on  the  value  of  £ of  Bq,  17* 

We  shall  rather  arbitrarily  give  c the  value  of  ^ so  that  £ (V)  ie 
the  sero-point  vibrational  energy.  This  latjber  oould.  be  made 
Larger  to  corraapond  to  a hi^er  potential  energy  at  low  volumes 
but  the  average  potential  energy  is  a llmction  of  temperature  as 
well  as  volume;  hence  this  procedure  would  not  be  consistent  with 
the  model  demanded  by  the  partition  function  Itself  and  the  re- 
sults would  bs  dfir|htf»l  value*  It  has  bsen  shorm  that  nons  of  tbs 
CJ  propertiss  would  bs  changed  more  than  about  five  per  cent  by 
changing  £ from  zero  to  one  half.  Thus  s new  condition  is  intro- 
duced that  will  simplify  tno  oaleul&tions  of  all  of  the  CJ  proper^ 
ties.  To  facilitate  this  procedure  we  abreviate  Bq,  9 

and  then  assume  that  the  vibrational  zero  point  energy  at  yd 
is  equal 

(26) 

vdisrs  X is  a constant,  equal  for  all  eoqiloaivss.  If  K is  set 
equal  to  0,1,  £ «qud  to  ^ and  N,  the  number  of  atoms  per  gram 
equal  to  6.03  x 10^,  then^?*  » 2.73  X 10^3  (co.  910J  when  r la 
taken  to  be  1300  oal/g.  The  values  of  y andV  * are  about  what 
one  might  expect  for  an  average  explosive.  Now  by  ocmbinlng  Flqs, 
14«  22,  and  23 1 we  obtain  the  importart  result 


^ (^1  + K 


Every  property  of  the  CJ  surface  depends  in  some  way  upon 
parametera  which  characterize  the  eoqjloaivo  and  upon  the  initial 
conditions.  The  parameters  that  we  consider  to  be  important  are 
^Q,  N and  V*  (propertias  of  the  explosive)  and  Tq  and  VoCinitial 
thermodynamic  conditions),  Ihe  quantities  ra,  n and  K assumed 
to  be  approximately  independent  of  explosive  type  and  of  the  in- 
itial conditions,  and  P^is  neglected.  The  parameter  g,  of  course, 

is  a useful  combination  of  V^  and  V* . Now  if  a particular  quant- 
ity is  dependent  upon  a numb'er  of  these  parameters,  such  parame- 
ters will  be  designated  in  parontheses  after  the  quantities  symbol. 
Thus  in  Bq.  24,  Q,To,H).  The  quantity  e,  which  before  has 
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iiMO  •oq^ld'tXj'  dvslgnatttS  ft  f^inctioa  of  tho  Toriablo  v.111. 
now  bft-  ccoattfaytf  m ft  function  ot  Si  oineo'j^  4^  . 

fts  ft  vt  g throuflb  &!•-  24^  "B*®  other  quantitloa  ftlon®^ 

ftlth  th«ir  oftnaetrie  d«pand^*w*«  r^w  dofinad* 

(i-nli:  (2*) 

*•  nMT  eacMdttft^^  tbft  depaadan—  ef  dotonsUoa  '9iljocLt9  opoft. 
thaaa  parametara.  Froa  2q«  21  va  obtain 


o‘= 


(29) 


Iha  raduoad  detonation  Telooit7  baeoaaa 


(20) 


udiera  D (and  all  other  barred  quantitlaa)  rafara  to  the  raaultire 
▼alna  of  that  Tarlabla  when  g 0 !•  Ihe  reduced  detonation  veloc- 
ity ia  aeen  to.  be  a function  of  the  reduced  loading  density  only* 
lha  valna  of  D la^  of  coux  aa^ 

Y(^<si, H,T.)Z  ^ (3« 

9 


Equation  30  apecifies  a onlTersal  detonatlox^curve 
(againat  loading  density  reduced  by  tho  parameter  V ) independent 
of  the  nature  of  the  explosive  or  the  initial  conditions*  It  waa 
to  obtain  the  reault^  Eq«  30^  that  the  condition  Sq  26  waa  intro- 

duoad* 

Iha  pz^eaeore  is  a detonation  property  amenable  to  aioxilar 
traataent*  Solution  of  the  hydrodynamic- thermodynamic  equatioxia 
leada  to  the  e9g;>raa8ioa« 

i> « y(^e.T..t4)f(f)crcif) 

f.  P'fly'»>  . ircy) 

f,  mL03 


02) 

(33) 

(34) 


2^ 


ynalasslfled 


i • • ^ ■ 


i e 


■pi 


mm 


rXSffim^  - 


WISs 


Sobstttnting  into  the  equation  of  state^  Eq.  d>  ajnd:  osxng: 
Eqs*  15  azxt  17  wa  get  an.  e:qareaalon  Tor  teiaperature> 

T - (p7  - t>/3R  (3^> 


fiuty  ftoffi  Eq.  5?^  V6  mi8t 

PV  - 


7^ 


Alao^  from.  Eqa.  2^  waLSUtp. 


« - Kjr 


iidiencej  finally,  we  obtain  for  the  temperature  the  esqpression, 

7 , f.0^)<r(^\  -.KTi^yj  (38) 

or,  in  reduced  fom, 

I.  (3„ 


(39) 


idxexv 


*T-a 

' ■ sn/ 


(a) 


Volume  could  be  treated  Just  as  detonation  velocity,  pres" 
euro  and  temperatvjre,  but  it  ia  more  convenient  to  empress  gy  as 
a function  of  g,  (since  gy  does  dot  differ  from  unity  by  a largs 
amount  at  any  value  of  g,  while  the  reduced  volume  goes  to  in^ 
flnity  as  g approaches  zero).  Likewise,  Lhe  material  velocity, 

VT,  can  be  treated  as  those  above;  the  pertinent  equations  fol«* 

"•  (#  <« 

The  above  treatment  leads  to  the  formulation  of  universal 
loading  density  curves  for  aH  detonation  properties.  We  do  not 
imply  that  our  particular  dependence  upon  loading  density  pro- 
vides the  best  possible  reduced  curves  (since  we  have  fitted  no 
paramoters),  nor  does  it  imply  that  such  curves  are  a rigorous 
consequence  of  detonation  theory.  However  it  is  shown  that  to  a 
good  approximation  such  curves  can  be  derived.  A more  exact  de^ 
pendence  on  loading  density  can  be  obtained  by  considering  m , n, 
V*,  and  K as  free  parameters,  rather  than  as  quantities  previous- 
ly determined  from  physical  data. 
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WtaMifIM  , 

weantjpit 

.Hgforea  2.  asd  J u^ata  ft.  gflp»?fta«nfagfc4flw  »f  tits  varix>aa  dator 
Batfctao  pscpflztlfls  dijeussad  abov^v^as  funetlooa  of  the  Quantlt/  g, 
vhiflh  la  eaaimtia’Uy  the  loading  isoalt^.  Zt  vUX  be  notloed  from 
tigaopo  2 that  the  datoxiation  velocity  according  to  this  treatami 
la  eaaantialZy  ll&aar  in  Ipa/  4g  denalty  over  a vide  raaga  of  tba 
1 attar » Tha  pMaaur«  iBCErMiaaa.  fairly  yflp^d^y  vltk  denalty  aft  Ift 
the  oaae  in  noat  treataents»  The  tenq;>erature  appears  nearly  far* 
depeodenb  of  denalty  in  the  high  density  region,  but  is  an  in- 
ereaalng  function  over  xoo^  of  the  range.  The  fall  in  teiqperature 
at  low  values  of  g probabiy  ooours  in  a region  of  denalty  in  vhloh 
the  theoxy  is  not  appliaable,  for  reasons  dlsoussed  above* 

Um  equation  of  state  and  the  consequent  (detonation  proper* 
ties  depend  upon  the  quantities  m,  n,  V*  a:^  K,  The  detonation 
velocity  la  aenaitive  to  these  quantities  to  the  following  ap^ 
proodMte  extent*  / Znereasing  m by  unity,  in  the  range  in  vfai^ 

: we  axe  working  Inereasee  IT  by  about  thirty  per  cent*  The  reduced 

1 detonation  velooity  of  g « *5  will  deorease  by  about  sever  per 

I cent  (tfaaa  a ehange  in  m affeots  the  xoagnltude  of  the  detonation 

velooity  moxe  strongly  than  it  does  the  shape  of  the  detonation 
I curve)  • An  increase  in  ^ by  oneHenth  increases  E by  about  one 

I to  two  per  cent,  and  iuoreases  6 at  g * *5  by  about  3 or  4 por  ^ 

I cent*  A given  increase  in  oauaea  about  the  sane  percental 

! deoreaae  in  0 at  any  velocity*  Of  course  the  ratio  of  A to  0 at 

[ g •"  a • remains  unchanged*  It  has  been  previoualy  uentioned  that 

I a doch  not  affect  the  detonation  velocd.ty  strongly  in  the  regina 

! of  Interest* 

Calculations  have  been  made  for  the  following  five  ezplh* 

I aivsB  • - ZKT,  tetxyl,  pinsdo  acid,  EEZh,  and  BOX*.  The  results 

of  the  ealouiationa  are  shown  in  Table  X*  The  .difference  ‘ b^ 
tween  theoxy  and  e3q;)exiaent  astounts  to  ebout.lj  per  0001' as  an 
average  for  ell  eoxqnuods*  The  agreement  is  seen  to  be  partiinr* 

I Isrly  satlsfsotoxy  for  BSl  and  PBCM*  The  ooygea  negative  oob*> 

poundr  ^ specially  TUT,  lead  to  a predlotad  detonation  velooity 
muflh  too  high*  ie  e consequenoa  of  the  ohoioe  of  'vdiioh 

was^j^^ken  as  the  hi^  deusity  value  1296  eal/ffx^  is  the  oaae  of 

^ Tigure  4 ere  plotted  ths  esqperiuental  points  for  veloo- 
Ity  oror  a wide  range  of  loading  donslty  for  ISTN.  It  la  seen 
that  the  calculated  values  run  generally  above  the  soqperinental  ' 

yelooitles  at  high  loading  dexisities*  However  if  the  density,  | 

is  taken  to  be  2*00,  instead  of  the  crystal  dexisity  1*77,  the 
agreement  is  found  to  be  good  at  all  loading  densities*  LUmilse, 
oaloxilated  velocities  for  other  explosives  agree  quite  closely 
with  experimental  values  when  F*  is  taken  as  slightly  larger  than 
the  crystal  density  (except  for -ROT,  for  which  the  crystal  densi* 
t^  appears  to  be  a very  good  approximation  to  F*)*  The  value  of 
P*  "•  2 was  selected  for  FETN  in  such  a 'Vby  that  the  linear  D vs* 

P©  equation;  D - D(Po  • l)  M (Pq*1),  passed  through  the  point 
6 - 1,  a - 1.  For  FEIN,  D(Po  -1}  • $620,  and  M 3500 W.  This 
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lisa  1»  olatv  Abm  la  Fl^pur*  4* 

TaS£»  XI  pr«8«fii»  « coaptfiBOB  odf  several  xell  Maam 
treatjBBntB  of  detonation  pMcasa  idth  tbat  of  thia 

tbo  paraaavoo  an  a.  tjplBal.  Tariablow  It.  vill.  bo  noted 
that  in  seneral  the  preaenb  treataient  and  ^lat  of  BeftC^)  givo 
oocMwhat  higher  proaanre  valnes  at  high  danBltieo^  falling  off 
aowMbat  at  the  Icnrar  denaitiea*  HoirfeTer>  Cottrell  azul  Batter*” 
BOB  as  well  aa  Jonee  also  tend  to  oaloulste  rather  higher ^jgea* 
Burea  thani  are  phtaAinart*  fma  tha  aonventionaL  thermodgnania 
treatBMnt.  ^ 

Finally  it  be  aesstioned  that  y » v , and  M oust  be 
knovm  to  obtain  IT,  ^ and  ST*  Th^nnaisidaal  values  that  we 
have  obtained  are  D ■ 3*53  ^ /Ft*  2a91*  3^1  • l*l6y  , and 
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rm^t 

*»  eslenl«t«d  ant!  obserred  f4  > dotomitim  roZbeitibr 
of  Fierio  acid,  FETN,  TfTS,  totr/l,  and  SOX# 


0(ob8) 


D(oalo) 


Piorle 

1-50 

7970 

6900 

Aold 

l.QO 

6090 

5100 

B - 8710 

.50 

3700 

3350 

1-50 

8290 

7800 

lia 

1.00 

6360 

5500 

-50 

3850 

3850 

TIIT 

1-50 

8320 

6700 

1-00 

6430 

4900  . 

• t •"  6760 

.50 

3900 

3200 

Tttryl 

l-,50 

8350 

7300 

B - 9040 

1-00 

6420 

5500 

.50 

3890 

3850 

Bm: 

1.60 

8080 

8042 

B • k*'6o 

1.20 

.80 

6750 

5050 

6614 
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ChApnatt'^oujluot  Pressure  for  FETN  obtained  ^ present 
Theory  oomperod  vLth  that  of  Jones  ( 3 ) i Cook  C 1 )« 
Qrlnkliy  IriBlscn.  ( 2 K CottroU  and  Patterson  ( 7)> 
AodLecaon.  and  Farlin.  C & K md  Kihara  and  Iliklta  C 4 i« 
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AND  RADIUS  OP  CURVATURE  OP  THE  DETONAT'XC^  WAVE  20 
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Los  Alamos « New  Mexico 

and 

John  G.  Kirkwood 
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ABSTRACT- 

The  limiting  slope  of  the  detonation  velocity-wave 
front  curvature  locus  for  small  velocity  deficits'  Is 
obtained  under  an  assumption  concerning  the  "reaction  zone 
length"  as  related  to  the  charge  diameter  and  the  radius 
of  curvature  of  the  wave  front.  The  model  ip  an  extension 
to  two  dimensions  of  von  Neumann ‘c  classical  theory  of  the 
plane  wave  detonation. 


I 

The  relationship  betv/een  the  velocity  with  wlilch  a 
detonation  wave  propagates  axially  along  a cylindrical 
charge  and  the  finite  radius  of  the  charge  has  been 
studied  theoretically  by  Eyrlng,  Powell,  Duffey  and 

Parlln^^^  and  by  Jones^^).  our  objective  in  the  present 
work  Is  somev;hat  different,  namely,  to  give  an  account  of 
the  relation  between  velocity  and  radius  of  curvature  of 
the  wave  front,  rather  than  the  charge  radius.  It  happens 
that  it  Is  possible  to  derive  such  a relation  under 
considerably  more  straightforward  assumptions  than  have 
been  needed  by  the  investigators  mentioned.  The  theory 
of  Eyrlng,  et  la  commonly  called  the  curved  front 
theory;  the  present  v;ork  Is  closely  related  to  it  in  many 
of  Its  details,  although  the  basic  model,  as  well  as  the 


1 
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obj6ctiv««  iB  eon&jtderably  different.  In  the  foil  owing 
we  will  \xse  certsiin  reeiiltB  fro»  the  preceding  paper  on 
the  atrueture  oT  tiiA  ateady-atate  p^ne  detonation  «ave» 
Tdiioh  we  shall  abbreviate  as  SSni« 


II 

i 

Our  ia  ooca  again  a coxnpressiblej.  I 

dissipative 4 adiabatic,  reactive  medium  into  which  a i 

detonation  wave  la  propagating  in  steady-state . Here,  j 

however,  the  medium  ia  a cylinder  of  indefinite  length,  I 
but  finite  radius.  Ve  introduce  a system  of  cylindrical  i 
coordinates  with  2-axis  along  the  charge  axis  in  the  I 

direction  of  propagation,  and  with  r denoting  the  radi^  I 

distance  from  this  axis.  The  origin  of  z is  conveniently  ^ 
taken  as  the  position  of  the  intersection  of  the  wave 
front  and  z axis  at  time  t « o.  Ue  assume  cylindrical 
symmetry  throughout « so  that  ncne  of  the  variables  depend 
on  azimuthal  angle,  ^and  all  velocities  lie  in  planes 
containing  the  z-axis.  Uhder  these  conditions  the 
equations  of  hydrodynamics,  including  the  first  law  and 
the  reaction  rate  law,  become 


aaMTIHttn 


i i 
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Tli«  notation  Is  th«  aamo  as  In  3SB>>  except  that  u now 
denotes  the  axial  component  of  mass  velocity.*  cj  the  radial 
eODsponent^  and  R the  rate  function » For  sl^llolty  In 
notation  Ve  consider  here  the  ease  ef  a single  reaction^ 
there  la  no  difflcxilty  in  extending  the  argmnent  to  tl^ 
case  of  several  reactions. 

As  In  SSFD  ve  suppose,  the  reaction  zone  to  be  prew 
ceded  a (ctzrved)  shook,  across  idilch.  «e  apply  tha 
(vector)  Rankine-Hugoniot  conditions.  Ve  assume  the 
ffsdltim  ahead  of  the  detonation  front  to  be  at  rest.  With 
JD  denoting  the  detonation  velocity  along  the  z-axl8>  U 
the  vector  mass  velocity  at  any  point  on  the  back  side* of 
the  shock.  the  unit  normatl  to  the  shook  at  the  same 
point  drawn  in  the  forward  direction,^  any  unit  vector 
perpendicular  to  ^ , variables  behind  the  shock  by  un-^ 
stibscrlpted  syiDb(^Bi  and  zero  subscripts  for  values  in  the 
medium  cdiead  of  the  shock,  the  Ranine -Hugoniot  conditions 
are 


Cp-p.)/(^--v)  = e*D* 
£-E',*  7 (p+fi)(Vo-''), 


(2a 


(2b 


(2o 


Jci'i.  ^ O, 


(2d 


i 
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- 

is 

£ 

> 

41 



(2e 


For  any  asB’omed  initial  shape  and  velocity  for  the 
leading  shock  the  preceding  equations  determine  the  state 
Immodlately  behind  the  shock.  Thereafter  the  differential 
eqxiatlons  (1,  coupled  with  the  Jump  conditions  determine 
the  flow,  which  would  not  be  steady  in  genereO.,  Our  next 
step  is  to  .ascertain  w^:at  shock  front  shapes  and  detona- 
tion vciooitles  are  compatible  with  the  steady-stato 
assumption.  According  to  the  latter,  the  flow  region 
behind  the  shook  should  be  steady  when  viewed 


-jiAjL-XAj>j:<Lk->U.V 


30a^ 


••.•V  • U * ' • iTi  • -v.'  “r  ''TB-/, 
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Trott  a coordinate  astern  moving  with  velocity  ^ . 
Introducing  auch  a ^ordinate  ayatem  by  the  tranaformatl 


( 3 , 


$'  being'  vhe  axial  diatance  measured  backwards  from  the 
shoclc,  and  putting  derivatives  with  rea^oi  to  t 
constant  § and  r equal  to  sero«  we  obtain 


CD  - >U  ) ^ ^ <Uj  + « f C"r  + ‘^A)  ■ O,  (4a 


§ (’D  -m)  Mj-  A.+ 


a Oi 


$ ( D -44  ) W,  ♦ Pr  + P “ Wj  -o  * 


if  P =■ » 


if  “R- 


dt  dT* 


dt"' 


To  eliminate  the  derivatives  of  ^ from  these 
equations  we  uso  equation  (9  from  SSFD, 


if  “ 


(4e  I 


iT^»r4  w.  —I 


>1.’'  4_V4  ■•  4 • V*  O.k.nkj'kk 
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where  the  thermodynamic-  parameter  ^ is  defined  in  S3FD, 
eq\iatlon&  ^ ^ then  glvee 


fs« 

(6c 

(o  f-  UJ  UJ^  a - , 

4 • 

(6d 

• 

. * 

(6e 

• 

CD  - a<)(Ej+ p \^)  + <a  (a+  P‘'r)  -*  o- 

(6f 

The  explicit  solution  of  the  set  of  partial  differ- 
ential equations  (6  would  be  an  extremely  difficult  task. 
Here  we  follow  a different  procedure,  and  begin  by 
specializing  them  to  the  axis.*  From  obvious  conditions 

♦In  the  following  we  designate-  equations  valid  only  on  the 
axis  with  an  asterisk* 


of  symmetry  the  radial  component  of  velocity CU  vanishes 
on  the  axis: 


^ (Si’’  =.o)  “Of 


(7a* 
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Equations  (6  specialized  to  the  axis  give 


(8a* 


f>  (o-u)  U|-|^  aO^ 

(8b* 

1 

Pr-0» 

0 

(8c* 

i r ^ ' 

(o-u)  A^aR, 

(8d* 

i 

• 

1 

1 

E, + p\j«o»' 

‘ 

(Be* 

where  all  variables  are  to  be  evaluated  at  any  § with 
r ">  o.  Solving  (6a  and  (8b  aa  linear  equations  tor  and 
ft  we  obtain  ^ 


JU»  a 

S 


crR’-acj, 
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Sinea  the  flow  behind  a aho^  propagating  In  the  direction 
Doraal  W Iteelf  la  aubaonlo  (the  otmred  ahoek  In  qxxestlon 
clearly  aatlefying  thla  condition  becauee  of  ayiametry) , 
it  la  clear  that  ({  ■ r « o)  > 0.  Purthemore^.  it  ia 

clear  that  in  ateadp  state  the  flow  behind  the  ehoek  auat 
be  Bijfillar  to  tMt  of  Prandtl-Keyer  steady  state  e^cpansloiv 
In  which  the  flow  beoones  supersonic  (see  ref.  2) , Con- 
sequently we  esipeot  to  vanish  at  sons  point  In  the 

steady  zonsj  and  therefore  the  nuaerators  in  (9a  and  (9b 
mat  vanish  at  the  sane  point.  Than  vie  obtain  a general- 
ized "Chapaan-Jouguet  condition"  for  detonation  In  a 
finite  sticks 


C. 


R - € uj^ 


(I0a« 


(10b< 


This  result  Is  similar  to  that  of  Byring#  et  equation 
B-12#  which  Is  attributed  by  them  to  DevoniElrelSl, 
Equation  (10b  may  be  Interprotcd  as  relating  the  degree 
of  reaction  at  the  aonlc  point  to  the  radial  flow  diver- 
gence at  thla  point. 

In  the  plane  wave  theory#  the  Rankine-Hugoniot 
relations  are  integrals  of  the  differential  equations  of 
steady-state  motion.  !fe  now  proceed  to  derive  analogous 
relations  for  the  steady  zone  of  the  present  theory, 
where#  however#  the  flow  divergence  introduces  certain 
correction  terms. 

For  this  p'xrpoae  we  return  to  equation  (4a,  special- 
izing it  to  the  a3ci8#  obtaining 


This  may  be  integrated  immediately,  with  use  of  the 
Rankine-Hugoniot  coruiltion  (2a  at  ^ » o to  give 


(!-“)•  I-2L  (S)  , 


(I2a^ 
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t.(w^ ^ (izb* 

It  will  be  fiotCKl  ixoBedlately  that  this  Is  the  usual  plana 
wave  relation  for  mass  conservation  with  the  divergence 
perturbation  given  by  (12b  added. 

m a similar  way«  nay  be  Integrated  with  use  of 
(12a  and  (2b  to  give** 


p.  OU  {•■e/V-J®’)  ^ 


have  neglected  In  the  customary  fashion. 

2 

With  neglect  of  terms  Inco^  , this  may  be  reduced  to 


We  again  obtain  a plane  wave  relation  with  added  perturba- 
tion. In  similar  fashion,  equation  (4,d,  specialized  to 
steady-state  flow  on  the  axis,  may  be  integrated  to 


- ? P (Si ’ D*  {('+  %J  a.Cf)-e^^L  («)}•  , 

2 

again  with  neglect  of  terms  In  OJ  . With  the  equation  of 
state,  (lOa,  (10b,  (12a,  (I4ra,  ahd  (15  constitute  a 
sufficient  number  of  equations  to  determine  D and  also  the 

axial  values  of  p U , Q , and  A throughout  the  steady 
zone,  providing  we  are  able  to  determine  a)^(^  ).  In  the 


ftk'}- 
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foUoicing  .m  designate  the  O-J^  point  IfyA  *',  wbleh  la 

a I,  a ■ ^ 

wQ^wSZ^IZDQOa-  D7^  - 


* ./fi^  dA' 

* J R(A) 


Obtained  from  (8d. 


In  order  to  determine  ) we  llrst  return  to  (6d« 

dlfrerentlate  it  with  respect  to  t,  and  then  specialize  to 
the  axl8«  obtaining 


(17* 


2 

yith  neglect  of  u ‘ and  use  of  (12a  this  ciay  be  Integrated 
to  give  ^ 


W '•  (fi)  dC*. 


(18* 


o 


The  value  ofo^  at  j « o can  be  obtained  from  the  Bankine* 

Hugonlot  conditions « in  terms  of  the  radius  of  curvature 
S of  the  shock  front  at  its  intersection  with  the  exist 


Ut(o)  °\}(.o)/^  . 


It  remains  to  estimate  )•  For  this  purtiose  we 

introduce  an  aasumptlon  concerning  the  ^ometry  of  the 
reaction  zone.  Ua  assume  the  plane  J ■*^*  intersects  the 
shock  front  in  the  explosive,  and  that  the  portion  of  the 
shock  front  for  § <§*  can  be  adequately  roprecented  by  a 
sphere  of  radius  S;  i.e.  we  neglect  the  variation  of 
radius  of  curvature  over  this  part  of  the  shock  wave;  see 
Fig.  1.  Our  procedure  Is  to  use  the  shock  relations  to 


•:»v> 


'.s\V 


(. 


obt^  tha  preesupa  at  any  point  on  tho  ohoolc  front  for 
g<U*.  Then  ©xpandlns  the  preDoure  into  a pov:sr  cerlea 
In  r for  fixed  § , and  retaining  only  the  quadratic  term 
(the  linear  ter*a  vanishes  because  of  (8o)  uo  obtain  an 
approximation  to  the  second  radial  derivative  of  p. 


(20* 


whei*©  Pq(J  ) denotes  the  pressure  at  the  point  $ on  the 

shock  front.  In  (20  we  have  approximated  the  equation  of 
the  spherical  front  aa 


e 3^  . 


(21 


Purthermore , with  neglect  of  terms  of  order  1/S,  p (f  ) is 

equal  to  p(o),  the  axial  shock  pressure.  Thus  we  finally 
obtain  an  expression  for  correct  to  terms  of  order 

1/S^ 


p ^ 


(22^ 
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Sid»titutlon  of  iZZ  and  (19^  into  (18^  vith  use  ot  (IZSx 
yielde 


^ ‘'§‘i  w" 


(23a« 


(23b< 


With  the  preceding  expression  for<u^  we  xoay  siunaa-^ 
rlze  the  Important  equations  as  follovrss 


^ (*' d)  ■ , 


(24«< 


£-e.^-jp(v-v)=-o*%(^)/s  , 


(24b< 


(25a« 


(26a< 


s (■«)  • C'  ♦ -v j ‘I «'  ‘ ^ *' 


(27a< 
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(D-ucn)*  = <?«*> , (2^* 


Q3 

C 

• s 

(27c* 

(28 

Equations  (24,  (25,  (26,  and  (26  hold  throughout  the 
steady  zone;  equations  (27  hold  only  at  the  C-J  point. 
Equations  (24a,  (25a,  and  (27b  may  be  manipulated  to 
obtain 

p^i 

Cl  ~ r* 

(29a* 

(29b* 

We  may  conveniently  regard  (26a,  (27a,  (28,  and  (29a  as 
deteinlnlng  the  C-J  values  of  p,  v , and  \ , with  (29b 
then  determining  D. 


V 


The  theo<^  this  point  is  formally  complete,  since 
the  solution  above  equations  will  yield  the  desired 

relation  between  D and  S,  correct  to  order  1/S.  To 
actually  proceed  further  wc  icquire  explicit  information 
concerning  a) , the  equation  of  state  in  the  reaction  zone 
and  b),  the  rate  function  R.  Here  vie  shall  limit  our- 
selves to  a very  brief  and  preliminary  discussion  which 
may  be  appropriate  to  the  detonation  of  liquid  explosives. 


With  respect  to  the  chemical  kinetics  problem,  a 
model  often  used  Is  that  of  a homogeneous,  self -heating 


Woo^  and  EirkMood 

reaction  wltli  a rata 

^AB/kr 

C^)  e (30 


where  f(A)  (1-A)*'  with  n a number  of  order  of  magnl** 
tude  one  or  two;  AE  in  a molar  activation  energy.  The 
appearance  of  the  temperjtture  In  the  exponential  results 
in  a rate  of  reaction  which  is  initially  small  behind 
the  shock  front  (assuming  the  temperature  at  this  point  ! 
to  be  appreciably  lower  than  that  near  complete  reaction^ 
as  is  almost  surely  the'  case),  at  first  increases  very 
slowly,  rises  to  a sharp  maximum  very  close  to  complete 
reaction,  then  falls  to  zero  (asymptotically,  for  ^ost 
f{A))»  If  this  be  true,  it  Is  plausible  to  expect  the 
von  Neumann  pressure  spike  to  be  quite  flat -topped  during 
the  induction  period,  then  fall  rather  rapidly  to  its  C-J 
value.  In  the  following  we  Idealize  this  pressure  spike  ' 
Into  a square  wave: 


s 

':x:j 


(31 


Furthermore,  the  above  discussion  ougsosts  that  the  rate  R 
will  be  very  large  for  some  A close  to  complete  reaction, 
then  will  decrease  as  A Increases.  This  suggests  that 

for  large  radii  of  curvature  the  value  of  A obtained 
from  (27a  will  be  very  close  to  its  plane  wave  C-J  value. 
In  the  following  we  assume  this  to  be  true.  The  same 
assumption  has  been  made  in  other  discussions  of  diameter 

effect^^* 


We  now  perform  a simple  perturbation  calculation  on 
equations  (26a  and  (29a  to  obtain  the  incroments 


{32a 


^ |0  a p 


(32b 


where  V'  ind  p* ‘denote  the  plane  wave  C-J  values.  The 
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result  is  two  lineaar  equatlona  for  the  determination  of 
Ap  and  Av, 


G 


Av  - -fl 


(33b 


Khere  Ep  - f|£)^  , E,  - (|f  )p  , eta. 

'Prom  (29b  we  obtain  the  detonation  velocity  deficit 


tf*-p 


i (!•-¥- 


^-1 

V 


AV 
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We  have  used  (31  to  estimate  the  plane  wave  values  of  the 
quantities  o<  , ^ , and  , and  a free  volume  equation  of 
state*  to  estimate  the  values  of  the  viu?1oub  thermodynamic 

*Tha  equation  of  state  is  based  on  an  Intermolecular 
potential  er.  •'gy  of  the  Buckingham  type. 


variables  under  conditions  v/hlch  may  be  representative  for 
the  C-J  point  of  llauid  explosives.  We  assumed  - .7 
at  the  C-J  point,  .55  at  the  shock.  The  result  for 

velocity  deficit  is 


^ - 3 5 sy. 


The  exact  value  of  the  coefficient  is  quite  sensitive  to 
the  C-J  and  spike  compressions,  especially  the  former,  as 
v?ell  as  depenriiii.<5  also  on  the  equation  of  state.  The 
above  value  should  be  regarded  as  only  approximate.  We 
hope  in  the  near  future  to  apply  the  present  theory  to 
specific  explosives. 
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Early  resulta  on  the  detonation  characteristloa  of  nltro- 
methane  by  CaapboU  at  ^ (1)  ahowed  a number  of  unusual  phenasena 
which  led  to  the  work  on  liquid  TNT  reported  hare.  TNT  above  its 
melting  point  (about  80^  C)  is  a liquid  less  sensitive  (2;  than  nltro 
methane,  with  a presumably  longer  reaction  zone,  in  which  the  same 
peculiarities  of  behavior  exhibit  themselves. 

Triple-racryatalllzed  TNT  with  a melting  point  of  80.75 
j0.02®C  aa3  light  transmisoion  of  655Vcm  relative  to  distilled  water* 
was  ua^  for  all  the  work  reported  nere.  This  material  was  specially 
prepared  at  Bieatiany  Arsenal  as  Lot  PA-48-1-3  by  treatment  of  U3A 
Grade  1 TIJT  with  sodium  sulfite,  follcr^red  by  reorystallizationa  froo 
aloohol  and  from  on  ettylene  dlchlorldo-carhon  tetrachloride  mixture, 
with  appropriate  washing  after  each  step. 

The  liquid  TNT  vras  fired  in  glaos  tubes  which  wore  made  of 
Pyrex  brand  glass  with  walls  0.1  inch  thick.  This  tblcknseo  wan  be- 
lieved to  constitute  "Infinito"  cenfinemeat  as  far  as  lyrex  was  con- 
cerned, a belief  which  was  consistent  with  the  results  of  others  (1) 
(2)  on  oonfinsmont  in  other  liquid  explosives.  It  was  further  sup- 
ported by  several  shots  at  0.31  inch  x/all  thickness  which  showed  a 
behavior  consistent  with  other  shots  at  0,1  inch  wall  thickness. 

Samples  of  the  Pyrex  tubes  were  tested  by  iiaraeralon  and  the 
density  was  foxxnd  to  be  2,212  gn/cra^.  Individual  tuboo  wore  measured 
for  wall  thickness  and  diameter.  The  wall  thicknoaa  rongod  on  each 
tube  from  a maximum  of  0.10"  to  some  loxvar  extreme  depending  on  the 
tube,  but  always  above  0.08"  for  those  firings,  Since  T 'th  these 
thickness  values  wore  believed  to  be  ''infinite",  no  attempt  was  made 
to  achieve  better  control, 

♦Melting  points  ond  transmission  values  were  obtained  with  the  aid  of 
A.  Popolato  and  W,  Barry, 
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The  dianetars  of  the  tubae  varied  ellghtl;^  from  tiibe  te  tubet 
along  oacb  tube  and  itith.  the  orientation  of  the  diameter  heli^  aeaaured. 
All  these  vartatioca^  havoveTf  were  limited  to  Since  the  deto-^ 

nation  veloeitj  of  liquid  Tizr  vaa  found  to  be  insenaitive  to  dlameter> 
these  variations  did  not  produce  detectable  velocity  variations. 


Detonations  were  also  studied  in  Dural  tubee  (24Sr).  Dlnen- 
sions  were  much  more  closely  controlled  than  for  glasa,  and  the  effect 
on  tha  velocity  of  such  variations  as  existed  must  hava  entirely 

negllgllls. 


The  liquid  TNT  problem  puts  high  raqulrocents  on  tha  accur- 
acy of  detonation  velocity  maasureniant , Early  in  the  work  it  became 
clear  that  the  total  velocity  decrement  in  glass  tubes  was  quite  small. 
It  was  necessary  to  keep  the  error  to  a few  percent  of  tha  decrement 
(rather  than  of  the  velocity  itself)  in  order  to  be  able  to  determine 
the  detailed  dependence  of  the  decrement  on  charge  radius. 

In  tha  case  of  liquid  TI?!  tha  problem  of  measuring  detona- 
tion rates  by  optical  means  la  more  than  ordinarily  difficult#  boeause 
of  low  light  intanaltiea.  Therefore  it  tras  decided  to  use  the  pin 
method  for  velocity  determinations.  The  camera  method  was  used  fox* 
dlognostlc  nork.  The  camera  was  also  ixsod  for  measurements  of  the 
radius  of  curvature  of  the  detonation* wove.  Hare  oxtrena  accuracy  was 
not  nocessary,  because  the  detonation  velocity  of  TNT  la  cot  extremely 
senaltive  to  the  radius  of  curvatu*-e  of  the  wave  front. 


The  eo-called  ”pin”  method  of  velocity  deteminatlon  con- 
i sists  of  recording  the  time  of  arrival  of  a ohock  or  doto fiction  wave 

I at  two  precisely  determined  points  by  means  of  tbs  electrical  con- 

1 duotlvlty  of  the  wave  (3).  ^on  tha  detonation  vsve  reacheo  a con- 

1 ductlvity  probe  a small  condenser  vdischargeo  to  ground  through  the 

detonation  wave  by  means  of  a ground  probe  with  which  the  wave  has 
: made  contact  earlier.  In  general  it  is  not  door  what  part  of  the 

' detonation  wave  causes  the  signal.  The  situation  is  particularly 

i questionable  in  the  case  of  a shocked  hexaegeneous  material,  for  which 

I the  temperature  is  much  lorjor  than  in  the  interstices  of  a particulate 

I explosive.  In  liquid  TCT  we  do  not  know  whether  the  original  shock 
front  triggers  the  probe  or  whether  a certain  amount  of  chemical  i*e- 
action  is  necessary  before  the  discharge  can  bo  started.  Froo  tha 
point  of  view  of  obtainlrg  cieasurenents  all  that  Is  necesaary  is  that 
the  wave  trip  the  pins  in  the  same  manner  at  both  ends  of  the  measure- 
i ment  interval.  One  can  periiaps  believe  that  this  is  so  if  a truly 
steady  wave  has  first  been  developed.  The  final  conaistexicy  of  the 
data  is  a fairly  good  indication  that  tha  method  of  trlggoring  was 
always  tha  same. 
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Tha  pta  signals  wai-a  recorded  on  tha.  DalaQP  Tiaisg  Sljra-^ 

tern”..  This  ia  a system,  /by  vhlch.  signals  generated  early  In  the  travel 
of  tba  vave  are  d^ayed  and  presented  on  the  same  fast  oeollloacope 
sweep  with  the  latsr  signals^  Beadings  can  he  made  quite  accurately 
because  of  the  speed  of  the  sweep*  To  the  time  differencos  as  seen  on 
the  sweep  must  ha  added  the  times  spent  by  the  delayed  signals  in  tra- 
weling  through  ti\e  delay  cables. 

fhe  delay  cables  wore  FG-IS^  of'varlofua  lengths  np  to  K7 
mierqaeconda  which  could  he  connected  together  by  lexxgths  of  more  flex- 
ible cable  at  a connection  panel.  Tfa  baliove  the  system  woxild  he  prac- 
tical for  delays  up  to  about  15  microseconds.  At  some  tlms  heycnd  this 
tha  signals  would  heccmo  degraded  and  r‘»«d<ng  accuracy  ^70uld  fall  off. 
Tha  advantages  of  tha  cable  method  are  ruggednees  end  olectr.onio  sim- 
plicity. The  cable  transit  times  do  not  vary  with  aging  or  estomal 
conditions,  hut  depend  only  on  the  dielectric  constant  of  the  insulat- 
ing material.  On  the  other  hand  the  cnhlo  delay  syatom  is  inferior  to 
a raster  scope  system  in  flexibility  axvi  simplicity  in  forming  the 
signals. 

The  result?  of  cable  caliDratlons  are  shown,  in  Tahla.  I. 

Short  cables  were  calibrated  by  presenting  test  pulses  on  a calibra- 
ted sweep  before  and  after  travel  through  tho  cable  in  question, 
cables  were  calibrated  by  comparing  a signal  through  the  ccblo  in  quo^ 
tica  with  a simultaneous  alga^,  either  direct  or  rofloctcd,  throush  a 
provlcruflly  calibrutod  cable  or  collection  of  cablos.  This  lod  to  a 
Bomcr,7hat  complicated  multipllcat5on  of  errors  for  the  longer  cables, 
as  can  be  aeon  from  the  trend  of  tho  standard  deviations  in  Tahla  I. 


The  cable  calibration  values  given  in  Table  I are  the  pre- 
decinant  factor  in  detomining  the  absolute  error'  of  the  liquid  TlfT 
neaBuromonts.  have  calculaiod  the  95%  confidence  limita  for  these 
values  and  prefer  to  use  these  as  an  irjSex  of  absolute  accuracy.  In 
the  arrangement  of  cables  used  for  tho  liquid  TrTr  studies  the  accuracy 
of  tha  longest  cables  was  most  important  so  that  tho  absolute  accuracy 
of  tha  final  results  was  about  iO.ljS. 


The  relative  accuracy  v/as  3o>r.othlng  quite  different.  In  the 
liquid  Tirr  vork  reported  hero  tho  cable  arr.angomont  was  the  sano  for 
all  shots,  and  under  theso  conditions  tha  relative  accuracy  waa  con- 
sldorably  batter  than  tho  absolute  accuracy.  Tho  random  scattor  of 
tho  final  data  results  from  reading  and  instrumental  oiTors,  from  er- 
rors in  placement  of  the  pins,  variations  in  the  oxplosives  and  poor 
control  of  conditions.  As  will  be  aeon  later  in  this  papar  tho  final 
velocity  res'xLta  are  characterized  by  a peculation  RiJS  deviation, 
tfp  « 0.1$.  Thus  by  using  a sample  size  of  10,  the  cr  for  the  aver-aga 
can  bo  reduced  to  0.03^. 


Zgel  Koi  See^ 


Cable 

Peslgnatica 

No. 

SaaplM 

Head 

Tiiae 

‘*P 

( ponolation) 

, (of  Hean) 

95% 

Confidenoa 

V 

useoo 

Blerosscoods  x 1P~^ 

oa 

u 

0^26^ 

.54 

.U 

g 030 

0.23 

10 

0.2019 

1.06 

.36 

g 0.36 

0.2A 

11 

0.1966 

1.00 

.30 

i 0.33 

0.5 

10 

0.4946 

1.75 

.55 

g 1.24 

0.6 

10 

0.6179 

1.20 

.36 

g 0.86 

1.0 

11 

0.9702 

1.60 

.46 

g 1.07 

2.01 

6 

2.0033 

3.30 

.97 

g 2.3 

2.CB 

11 

2.05U 

3.26 

.93 

g 2.1 

5.0 

10 

4.9521 

7.56 

2.27 

g 5.1 

IC.O 

It) 

9.9441 

15.20 

4.56 

ilO.4 

gngjmtvTK;  Cor(tr<^; 

tha  firot  attempts  to  obtain  dotonatlon  Toloaitlea  for  this 
‘ppograa  yioLJ^d  cproade  cuoh  too  lax^o  to  doflnb.tho  dotoilo  of  the 
‘▼elooity  ddcr€3ont«  Studies  of  tbe  detonation  wove  ehapo  nitb  the 
.oamerfi  showed  Great  variability  as  veil*  Tharefore^  * carsber  of  In- 
vestiGationa  vroro  cado  at  that  tine  to  otu^y  vorioofi  poooilxle  rsjuoons 
for  this  instability.  Tbs  asaaiircneat  syotcai  oxplosivoB  purity^» 
prooonoo  of  dissolved  or  diepcrcod  f>Q,c<3o  and  other  fcotors  vero  lodksd 
into.  Ho  pocsitive  ervidenos  ucs  enocuntered  to  Indicoto  that  thsso 
particulcr  factors  voro  responsible  for  velocity  vorintiona  of  ttaa 
siso  obacrvsd. 

The  detonation  velocity  dopondonce  on  density  for  cdlld  THT 
'is  about  350  a/aea,  por  0.1  gn/csi^  according  to  002)  5^11  (4)*  The 
varlatloa  of  the  douaity  of  liquid  THT  vith  tcapsraturo  is  ap/s:*£>sl- 
•catoly  licoGT  uith  a olopa  of  0.001  per  desroe  C.*  TLuo  tbo 

dotonatica  velocity  varioo  about  3.5  cctorc/aoo,  par  degroa  C«  On 
this  baeio  ono  T;cald  not  cscpoct  that  unlfora  deviation  of  tho  tenpera- 
turo  froa  charge  to  oheu^go  x.ao  *•>  iponriiblo  for  tha  sproadB  obsorvod,  \ 
since  the  tespsrature  cculd  bo  cvvatrollcd  to  vithin  a fev  tentbn  of  a ' 
degree  from  charge  to  chargo,  Eo^ovor,  the  variable  trove  shapoo  that 
wore  observed  suggested  that  there  may  have  boon  teaporature  gradients 
within  each  charge* 

In  order  to  develop  satisfactory  control,  ceasurenento  of  ths. 
teaporaturo  r.oro  made  in  tvolvo  positiono  in  the  charge  by  neoas  of 
thoraoccuplGs  nonltoi'ed  by  a Leeds  and  Eorthrup  automatic  roct/rder. 

Ulth  the  original  techniques  of  cooling  and  stirring  by  bubblLcg  nitro- 
gen through  the  liquid,  dlffcrencoo  In  tcuparaturv  of  os  nuch  aJ  a 3®C 
were  obnorved  nt  firing  tir^o.  By  neens  of  each  t'^ste  coyeral  tcch- 

* Variation  of  ueuaity  of  liquid  TliT  with  temperature  was  Eoaeurod 
by  W.  H.  Stein,  LASL. 
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«4^*>  wre  dsvelopsd  tor  holding  the  traperaturo  oonatast  throog^ptzt 
tba  oharga.  Two  of  thaee  h«v«  boon  uaed  for  the  shots  reportea 

Apparaxitlj  the  kegr  to  laaintalnlng  uxilfona  temperature  was  to 
circulate  the  liquid , either  by  means  of  a twisted- blade^  tirrer  or  as 
exterior  circulating  pump.  This  was  effective  with  botL^u  heated-sand 
jae]^  and  with  a pre-heated-circtilaiing-air  jacket.  When  stirring 
was  stopped,  before  firing,  it  took  several  ndsutes  f .*  the  gradients 
to  hscQBA  apparent'— long  preparations  to  made  for  flviBg» 


'i  ( ) 


Conductivity  probes  ehould  be  rugged  enough  to  hold  their 
position  but  yet  ~all  enough  to  avoid  perturbing  the  detonation  wave. 
For  work  in  glass  tubes  and  Isrge  diameter  metal  tubes,  .030”  tungsten 
.rods  wore  ohosen,  ainoe  they  were  quite  rigid  for  the  diemetor.  It 
was  also  believed  that  high  density  would  be  advantageous  in  sevoiding 
perturbatlona . There  wore,  however,  serious  resarvaticos  about  their 
use  sear  failure  diameter  where  tho  introduction  of  this  fareiga 
4Baterlal  mig^b  be  expected  to  affect  propagation  of  the  wave.  Tbs 
j^^i^were  glnedwlth  plaetlo  cement  in  Uioa3rta  oapa  aa  shown  la 

To  test  the  suitability  of  this  style  probe  aoeembly,  a nma- 
ber  of  caps  were  meohonleally  vibrated  to  elsulato  possible  abue 
prior  to  shot  time.  Ueaeurenents  of  tba  inter- probo- point  distance 
were  also  nade  in  water  at  93^  C behind  plate  glass  trlndo^TS.  These 
tests  ehowod  no  offoot  of  vibration  or  tenperaturo  provided  atralna 
were  first  rolleycd  by  holding  tho  probes  in  an  o^orgen-butane  flhae 
for  two  miTiUtes.  Repeated  eothetometor  rocdlngs  of  the  dletimee  be- 
twees  e pair  of  proboe  to  be  uood  for  firing  showed  a range  of  lO.OljC, 

For  metal  tubes  esullor  thnn  2”  in  diameter  tho  0.030*  probe 
woa  thought  to  be  too  large.  Zn^^tcad  a O.C05*  tui^gutoii  wire  ros  ctrung 
acroso  a dlacotor  of  the  ^be.  This  required  ccuntlng  in  1/3" 
motor  pl-nritlc  plugs  for  insulation  in  the  r.jtal  roll.  Purthormore 
olo3C.-fitttng  ranovabie  plugs  of  metal  hod  to  be  :::ndo  in  the  wall. at 
right  ciigles  to  each  wire  co  that  the  poaltion  of  tho  wires  could  be 
measured  by  means  of  a cathetometer  after  Installatitm. 


Two  closely  related  techniques  wore  developed  for  obaaxving 
the  chape  of  the  detonation  wavoa.  In  tho  first  the  wave  was  allowed 
to  collide  with  a thin  alumliium  foil  againot  a t.Tcund  plate  of  glass. 
This  acecmbly  was  held  perpondicular  to  tho  Qxfa  of  the  tube  by  the 
fit  of  the  glass  against  the  tube  end,  which  ^ras  ground  accurately 
perpendicular.  Tho  aluminum  was  flat  bocauGa  it  was  hold  against  tho 
glass  b/  the  liquid  TIT.  In  order  to  increase  the  light  intensity, 
the  email  spaces*  botwoon  the  ground  glass  oiid  the  aluminum  wore 
flushed  with  argon.  Tho  Rotatlrig  iVirror  Caanera  then  viewed  the  light 
through  the  unground  side  of  tho  glass. 


XlpfeX  asd  SmJx 


!'  »•  vwW 

I ar  MM 


r • > f*  (Mk  m*.  p im 

r • l«  aia.  ■ t/M*  tM«a  iMw** 
0 • rjrfM  tui*  au  «u 

r • l/f  MM  alMAa  aUM 


1 - •.ajB*  Ma<  NmXm  »iato  M ISO  mitt 
I • ajbia*  au.  tmimm  hm«  m sm  mii* 


- a Ml  tmmr  Ml,  • f*  iMt 
I - W*  IMI  :i^  MM  uuua  tUmr 
L • (M* 

H • ar««l«lM  Uaw*— M* 


Flyura  1 

ChMTga  irrangsment  for 
Velocity  Datarminutlona 


There  waa  eone  difflotdty  with  this  techniq^ue  in  reproduo- 
jpg  isteiuiltle8y  probably  because  of  voriations  in  ccnd-blosting  the 
glass*  Further  irregularities  in  the  trace  trero  produced  ly  wrinkling 
in  the  foil  at  100^  C.y  caused  by  the  difference  in  the  coefficient  of 
expansion  between  glass  and  aluminua. 

In  order  to  overcome  thaae  difficulties,  the  tube-end  waa 
construotd  of  brosa  and  the  joint  to  the  glass  made  vUh  a oircurifer- 
ential  "0"-ring  seal.  A piece  of  .005"  thick  brass  shlmstock  could 
then  be  firmly  fastened  to  the  brass  tube-end,  and  difficulties  caused 
by  differential  expansion  avoided.  A smooth  piece  of  plate  glass  waa 
held  ,005"  above  the  brass  ehlmstcck  Xiy  soft  alunlnun  shins,  provid- 
ing a narrow  space  for  argon. 

A number  of  charge  designs  wore  tried  in  the  prelinlnaxy 
shots  without  any  definite  specification  of  the  optimum  length  or 
mode  of  Initiation,  One  would  like  to  keep  charge  weight  at  large 
diameters  as  low  as  possible  and  yet  it  is  clear  that  the  detonation 
must  be  poaltivaly  initiated  and  reach  s steady  state  before  moasure- 
ments  are  made.  The  final  charge  design  Is  shown  in  Flgvro  1* 
liquid  TNT  was  over-driven  by  the  Comp,  B with  only  l/l6"  Hlcarta 
between  the  two  explosives.  A plane  wave  generator  was  used  because 
it  was  thought  better  always  to  have  an  initiating  wave  curvature 
less  than  the  final  stable  one.  By  this  moans  some  of  the  possible 
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iidtiaiioB  trouts*  at  dioBetara  soar  fadlora  could  ba  aaoldad. 

Xt  aaa  aeaer  abovB  la  thia  work  juat  what  the  ainlrua  satia-^ 
ftatoKar  ehacga  lasgtb  aa*.  la  all  aaloeltjr  BaaaaraBaBta  la  glaaa 
tubas  aa  allOaod  20"  of  f^s  run  in  liquid  TMT  bafore  startlj^  tha 
aeasuraaaat*  This  gave  eoneahat  crrar  three  diaMters  of  length  at 
tha  largeet  dieaater  studied  (abers;  incidentally,  the  least  altara- 
tioa  fkm  the  orlgiaal  plana  aarre  shape  was  necessary)  and  a Boro 
ganerotti  aituatlcn  1»  the  saall  dlanetsrs.  For  other  shotr  in  sataX 
tubes  izriolalng  detarBlnation  of  aaae  shapes  ae  allcmed  always  aore 
than  four  diameters  of  free  run  before  starting  maaaurenents. 

‘171th  either  aand  jacket  or  air  jacket  the  total  charge  as- 
sembly was  quits  bulky.  In  both  oases  the  signal  foxning  components 
aera  mounted  sa  closa  to  the  probes  as  possible  and  oonneotiona  mada 
in  such  a aay  as  to  form  as  email  loops  aa  poasibls.  Tbs  metal  tubes 
themselves  servsd  aa  electric al  grounds.  In  the  cass  of  glass  tubes 
tha  electrical  ground  at  the  charge  rras  cn  8 oil  copper  sheath  sur- 
rounding tha  tube  in  the  vicinity  of  the  probes.  It  uas  found  that 
thia  ehoath  (instead  of  a aiaple  wiro)  increased  the  shorpr.oss  of  the 
signal  making  reading  of  tha  films  eaid*r»  • 


Velocity  D<^ta.  A typical  velocity  data 
Figure  2,  shone  five  traces.  The  first  two 
are  marked  calibration  cncops  vhlch  were 
recorded  after  cn  hour's  trorm-up  for  tho 
scope  and  as  close  to  firing  time  as  pos- 
sible. The  last  two  traces  alco  call- 
bratiensy  but  token  Immediately  after  fir- 
ing. Tha  middle  trace  is  the  data  trace 
taken  rrith  no  markers.  All  four  oellhra- 
tlon  traces  were  read  on  tha  comparator 
and  tho  sreep  curve  plotted.  The  data 
trace  roe  then  road  and  the  sweep  speed 
corresponding  to  tha  clgnal  interval  ap»  — 

plied  to  reducing  the  data. 


Wave  Curvature  Data.  A wave 
trace  of  the  typo  shotin  in  Figure  3 was 
produced  when  glass  tubes  were  used.  The 
film  vae  placed  on  the  ccciporotor  and  the 
stage  rotated  until  the  static  image  of 
the  slit  and  tha  horizontal  traverse  of 
the  comparator  agreed.  Thus  we  at  this 
point  assumed  ''.nat  the  camera  slit  was 
truly  peri»ndlcular  to  the  direction  of 
writing,  In  practice  an  Gxtremoly  diffi- 
cult adjustment  to  make  accurately. 


film,  reproduced  in 
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of  thv.  of 

th«  trae*^  or  aarkoro,  If  pranriOo^ 

BU^jaif iootloQ  factor  eoald  br 
tcMf[oio4  aad  tho  otator  of  tho  diorgt 
datorsdnod*  Fivo  aota  of  roadinfo 
mro  aada  of  the  tiao  dlsplaoocaonU 
rolatlTt  to  tfaa  poattioa  of  thi 
jBontor  of  tbo  v«m  at  lataralo 
aeroaa  tho  faco  of  tte  tram, 

Ae  data  wars  roduood 

fitting  an  elUpao  to  all  but  tha  lag-  ^ 

glng  outer  edges  of  the  trace*  Tha  een—  * 

tral  eurraturaa  of  these  ellipses  have 
been  reoorted  aa  the  nertlnent  data* 

iTWl^ed  to  •*  W*  Hood  for  dovialrg  this  eoheae  and  adapting  it 
for  tho  IBU  701  Oonpater*  and  to  P.  R.  Partor  for  ood^  and  aaohlM 
operation*  The  aethod  aseuned  that  an  soda  of  tho  oUipoe  fell  oo  a 
lino  parallel  to  tha  easera  elit*  In  eoce  of  the  eorlioot  vest  this 
Introduood  a alight  errors  ainoa  tha  oanera  elit  ma/i  not  quite  par- 
peadioular  to  the  direction  of  writing*  Bomer,  oonparlson  with  hand 
calculations  In  which  radii  of  cttnratnra  were  oooptttad  for  varioui 
groups  of  throe  points  on  tho  wave  traoa  ehowod  that  the  akownena  wan 
vary  atsall  and  that  the  error  thus  Introduood  in  the  radius  of  eurva- 
tura  was  negligible* 

Re  suite 

Velocities*  Slots  at  various  diacotera  in  glass  and  aluB- 
^TM^fn  were  fired  over  a period  of  aontha*  Tho  •Individual  results  with 
overegoa  and  BI!S  deviations  are  shown  in  Tables  H and  III.  S^ca  tbs 
reoults  in  glass  tubes  for  which  a larga  nuaber  of  shots  wore  )oado 
under  identical  ecnditlons  It  Is  concluded  that  the  population  RllS 
deviaticni  Cp,  is  about  6 n/seo* 

The  point  at  tha  largest  dlaaeter  (1^  • 0.132)  for  glass  is 
the  average  of  only  three  shots*  ITo  balicvo  that  those  shots  oro  port 
of  a population  which  has  the  sacs  ohcrootcrlctico  cs  those  revealed 
by  the  larger  number  of  shots  cade  -il  other  dicjQotors.  On  this  haols 
we  have  conservatively  asoumed  that  true  cp  is  6,  s^eeo*  Clearly 
then  the  o' for  tho  average  of  three  shots  is  3.5  o/oec.  rather  than 
the  ccaller  value  which  can  be  calculated  froo  tho  variations  of  tho 
three  shots  themselves* 

Those  results  fop  glass  tubes,  with  the  propar  o’ a indicated, 
are  bhown  plotted  cgalnst  2/R  in  Figure  4*  It  la  aeon  that  tbo  daU 
are  adequately  satisfied  by  a etraight  lino  with  intercept  at  R • 
of  6574  o/eoo.  Failures  occurred  Invariably  at  H ■ 3.0  ca.  Th^  vno 
lowest  point  at  which  r.Qacurez^cnta  'rcra  made  waa  R ■ 3.25  oBi  wn^e  the 
velocity  waa  6515  q/gqo.  The  deorcKont  in  volccity,  from  the  extra- 
polation at  infinite  diene ter  to  t>«  noint  nearest  failure  was  60  B/sec. 
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2g«l  and  SmJjf 


Rndlui. 

15-399 

15-40a 

15-403 

15-404 

15-403 

15-40S 

15-409 

15-410 

15-411 

15-322 

15-383 

15-413 

15-4U 

15-413 

15-416 

15-427 

15-428 

15-429 

15-430 

Rgdluo 

15-346 

15-348 

15-350 

15-352 

15-354 

15-356 

15-360 

15-361 

15-379 

Radius, 

15-449 

15-450 

15-451 


Datcnatlan.  Valoelty  of  Lloald  *t 
lOO^'C  iyr«z  Glmtt  fxAam 


Dstonation 

(1^  r 0. 

6521 

6508 

6516 

6512 

6516 

6515 

6516 
6522 
6509 


6529 

6528 

6515 

6511 

6521 

6515 

6525 

6520 

6513 

6524 


Ivaragtt 

Detonatlott 

jLglgslly, 

a/aoo. 


Standard 

Davlatioc 


6515 


6520 


4.75  cm,  (1/R 

6537 

6541 

6535 

6531 

6534 

6531 

6534 

6539 

6528 


6553 

6549 

6547 


• 0.210] 


6534 


0.132] 


6549 
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Hr  w/morn. 

fiadlna  . 3.10  en.  tlM  • 0.310  n'M 

15-49S  6543 

15^5»  (6500) 

15^  6534 

15-461  6535 

6537 

3.6 

/ ■ • ■ • 

10-A89  651S 

15-486  6515 

4.3 

atanMd  6) 

15-492  6462 

,4-  : 

— 

Tte  vtloQity  dAte  fvtiABtlar  uTAllAlilt  ter  aluiiiiiBai  o«oflM- 
BtsI  AN  UaM  la  TaUa  ZXZ.  Althoosh  tha  ausbcr  of  ihota  la  laaa 
tba  aoeseslblt  roast  la  3/Q  la  greater  tina  for  ^ 

auficd)  atralgbl  llaa  aaa  ba  ado^taljr  dotexolaod,  aolxis,  oa  aoma 
rtatoaaUti  ta  axtnpolaUoa  polat  eoestoa  alth  that  for  tba  gltaa 

OUTTta 

I 

Tkara  la  oat  ahot  at  tba  largaat  dlaaater  ssoag  tba  data  for 
rbleb  la  apparently  coblaot  to  a laxg*  txrcr.  Tbla  ^isA 
haa  act  boon  cre^csed  vltb  tba  ethara*  ^ 

TtMi  data  for  altcninn  oonflacaont  art  plottod  la  flgara 
Za  tba  largavdlanf^tor  region  tba  data  oan  ba  raprasentad  ly  a artralght 
Utim  of  (zallor  alopa  than  tbo  Una  for  glaso,  oa  ona  night  axpaot  for 
tha  denser  satarlal.  Tto  data  era  not  oonplata  enough  to  show  tho 
fora  of  tb3  curva  ao  failora  dlenoter  is  approMhod.  Bovovot,  It  aj^ 
poiira  that  tha  nodwia  Taloelty  docr^ont  for  alnaixma  fa  about  thi^ 
tiaaa  that  fop  gloM* 


Ssxu 


il]iSU 


Tho  vava  ourvaturaa  obtained  fren  tha  ZB!i  701 ‘Cceiputar  are 
liatad  in  Table  17.  At  tha  lorcoat  dicaeter  ^ glaap  there  are  enough 
datorninatlona  ao  that  a raaaonahla  eetlinate  of  tha  experlaontal  error 
oan  ba  cade.  ?op  tha  other  conditlona  there  is  really  no  ba^a  for 
asolgiiing  an  eatlnata  of  eomiraoy  but  va  haYo  naYertheleBS  triad  to 
aoalgn  caie.  Thia  ishcuXd  ba  considered  not  bo  nuoh  as  a guarantee  of 
accuracy  aa  a warning  Isat  tha  data  be  us^  fcj  more  than  they  are 

verth* 
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OerONATlON  VELOCITY  D.  % 


15tel  awT  S^ljf 


SbB»  or  tho^  r^dlua-  of  cttrvatur«  values  have  asaoolated  ^»- 
quoted  per  cant^  Thasfr  exporees  the  uncertainty  in  the  radiu* 
of  curvature  resulting  froft  the  scatter  of  the  experimental  readings 
and  the  failure  of  the  seriee  of  points  to  fit  the  ellipse  perfectly. 
It  ie  helievefi  that  the  expei'iaewiel  aeoMgeey  hettac  indlfiatad.  tgi 
the  varlatior.  in  the  radius  of  curvature  from  ehot  to  shot,  einoe  thera 
are  a xaajher  of  factors  which  can  affect  the  ehot-to-ahot  acattoPi . and 
not  he'evident  in  any  one  shot* 


1 


The  velocity  date  od  tba  pawcadlng  afltiti.m  are  ahoan  pLnttad  ^ 

against  the  reciprocal  of  the  radius  of  curvature  in  Figure  6.  Accord-  j 
ing  to  the  TTood -Kirkwood  theory  all  the  points,  whether  with  glass  or  i 
aluminum  confinement,  should  lie  on  the  same  straight  line.  T?ithin  tha 
limits  sat  by  the  rather  large  experimental  error  this  is  the  case. 

At  the  same  time  it  is  possible  tnat  more  extensive  and  more  accurate 
data  will  indicate  shortcomings  >f  the  theory. 


PigCTgfliffl 

The  small  velocity  decrement  of  Hq’ild  TKT  in  glass  conflnar 
ment  la  unexplained*  Ko' theory  in  its  present  form  treats  the  aachan- 
Ifltt  of  failure,  end  it  In  perhaps  unjustified  to  consider  failure  as  a 
case  in  which  the  divergence  of  material  postulated  in  theories  of  the 
diameter  effect  is  carried  to  its  ultimate.  As  the  wave  curvature 
plot  new  sttmds,  failure  occurs  in  glass  and  aluminun  at  different  ds- 
greea  of  divergence,  Tha  shape  of  the  wave  front  in  glass,  character- 
ixed  hy  a rapid  Increase  in  curvature  as  the  wall  of  the  tube  is  ap-  j 
preached,  (see  Fig.  3)  la  not  duplicated  in  the  eame  diametera  for 
metals  (very  email  diameters  in  metals  have  not  been  investigated). 

For  metals  the  wave  front  intersects  the  tube  wall  with  a Bnooth 
ture,  almost  unchanging.  The  wave  front  with  magnesium  a 1.7 
confinement  is  of  tha  typical  metal  type.  The  fall\ire  diameter  in  cel- 
lulose-filled plastic  1.35  giVcm^)  is  approximately  that  in  glass 
(/»s  2.2  gns/cm3).  All  this  tends  to  suggest  that  failure  in  glass  la 
governed  by  a unique  property  of  the  glaes,  perhaps  its  inability  to 
withstand  circumferential  tension  without  cracking. 


In  attempting  to  treat  the  data  according  to  earlier  theories 
such  as  those  of  Jones  and  of  I^yrlng  et  al.,  one  is  confronted  with  im- 
mediate experimental  contradiction  of  the  theories.  As  far  aa  the 
Jones  theory  (8)  is  concerned  there  are  two  contradictions.  First,  j 
Jones  has  Ignored  the  ia‘<»s9nce  of  wave-front  curvature.  Second,  tha 
wave  shapes  observed  in  glass  suggest  that  flow  is  not  normal  at  tha  ! 
boundary  as  assumed  by  Jones.  j 

In  spite  of  this,  one  can  go  ahead,  ignore  the  contradictions,  i 
use  the  angle  of  expansion  calculated  by  Jt'Bes  and  Strickland  for  TST  1 
in  glass  together  with  charge-radius  versuo  detonation-velocity  data 
reported  here,  and  calculate  a reaction  zone  length.  Tha  answer  tbais  j 
obtained  is  a reaction  zone  length  0,9  on.  | 
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1 ■iallar  eolculatlox  for  the  alumlxmit  data  glrea  a Talua  of 
IJ.  m for  tba  reaction  zona  length,  tha  differeoca  between  the  two 
probabljr  belxig  dua  to  inconaiatene;  in  eatimatioa  of  tha 
axpwniiioa  mag”  Oi, 

theory  aeevtines  a*  curved  detonation  wave  front  with 
which  our  experls'ental  findings  are  more  nearly  In  agreement  • However, 
the  wsve  shape  In  glass  has  not  been  found  to  agree  with  the  spherical' 
surface  assumed  by  l^yrlng,  but  has  been  found  to  curve  sharply  at  the 
edigww.  The  theory  ftor  “Inflntte*  couflneiuant  calls-  for  an  angJw 

which  the  wave  makes  with  the  confining  well*  We  have  assumed  that 
the  sost  sensible  angle  to  take  is  not  the  actual  angle  but  the  angle 
that  tha  "normal"  central  part  of  the  wave  would  make  with  tha  ease  If 
e:i:tandad  to  It.  On  this  basis  tha  results  in  glass  give  a reaction 
zona  length  of  0.3  mm.  Tha  alaminura  results  indicate  a reaction  zone 
I length  of  0.25  mm. 

finally  j the  Hood-Klrkwood  theoiy  relates  the  radius  of  curvai 
' ture  of  the  detonation  wave  to  the  detonation  velocity.  Our  data  pre- 
sent no  obviour  contradictions  with  the  assumptions  in  this  theoiy. 

Tha  theory  r.  . a a spherical  wave  iar  the  center,  and  this  is  approxi- 
nataly  true.  According  to  the  thooxy  this  constant  curvature  should 
extend  radially  at  least  to  a point  whore  the  wave  front  has  dropped 
reaction  zone  length  behind  its  position  st  the  center  of  the 
charge,  this  also  seems  to  be  approxiiaateJy  true  at  least  at  the 
large  diameters.  In  smeO.!  diameter  metal  tubes  it  is  clear  that  it  iw 
not  true.  There  are  in  the  theory  certain  assumptions  necessary  for 
mathematical  tractabllity  or  concerning  the  equation  of  state  whioh 
have  to  bo  put  up  with.  In  no  case  do  these  appear  unreasonable,  but 
in  no  case  do  wo  have  an  expei'lmental  check.  Accepting  then,  we  have 
calculated  a reaction  zone  lezzgtb  of  1*2  mm» 

It  is  probably  fruitless  to  speculate  as  to  which  value  of  the 
calculated  reaction  zone  lengths  lies  nearest  the  actual  one.  However, 
by  obtaining  additional  information  on  the  properties  of  liquid  TNT  and 
on  the  products  of  its  detonation  the  theoretical  idoallz?  -ons  in  the 
Wooc-Klrknood  theory  can  be  made  more  realistic.  There  is  some  hope 
that  tha  detonation  process  can  in  this  manner  be  taken  apart  and  de- 
scribed in  greater  detail  than  now  possible.  As  a check  on  these  pos- 
sibilities great  interest  is  focused  on  experimemial  techniques  for 
studying  the  details  of  the  reaction  region. 
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DSTCBiATIOH  Ut  mXtOGSnEODS  EXFLOSXVSS^ 


A»  V4  Oaiqpbelly  M«  S«  Kiklisy  imd  T»  S.  Hollaxid  ^ 
l£>»  Alaaoa  Sciontific  Laboratory 
Loo  Alaaoa,  Now  Uoxleo 

TmaoacTBalr 

Tho  work  to  be  dlsousaed  la  this  paper  began  as  an  sttestpt 
to  bbtalB  proeise  data  for  comparisoa  with  the  pre<lle'^08i8  of  tto  Bjrw 
ring'^f  and  the  Jonas^^^  thaorief  of  the  dlaoater  effeet.  The  use  of 
liq^d  explosives  aeeaed  to  offer  a ready  xoeans  of  preparing  Iioatege- 
neoos  charges*  Of  the  nany  liquid  explosives  Imouni  Ritroi&sthana 
eeexDed  the  Boat  desirable  for  aa&y  reasonsi  axsojig  which  were  its  ready 
availabilityt  cheapneasi  loir  toxicity  aad  low  sezisitlvi'^.  Soon  after 
the  work  was  begun  on  neasurlng  detonation  velocities  and  failure  dia<» 
aeters»  scatter  appeared  in  the  data  to  a dog:rae  which  was  not  ex- 
plainable on  the  basis  of  Beasuring  error*  Further  Investigation^ 
aided  by  hlgh^^^jerforoanee  optical  and  electronic  equlpaient«  revealed 
several  new  aspects  of  the  detonation  process^  soue  of  which  appear 
to  be  peculiar  to  liqalda,  others  to  hoaogensous  explosives  \dMther 
liquid  or  adlld. 


MATERIALS 


The  Hitronsthsne  used  in  this  work  was  obtained  In  55  gftl 
drums  from  CoEsiaroial  Solvents  Corporation.  It  was  speoified  as  hav- 
ing ths  following  oompositiont 


Hitrooathane,  % by  weight t nrlnlana  9S 
Ritroparaffiny  totaly  % by  weighty  ntnlwaa  99 
Spoolfio  gravity,  25/25°C  1.12$3 
Acidity  as  aoetlo  aoid,  % by  weight,  naxlianw  O.OGL 
Water,  % by  weight  0.052 


To  further  guard  against  the  presence  of  alkaline  materials  whioh 
might  act  as  sensitizers,  the  Ritromethane  was  redistilled  at  reduced 
pressure  from  sulfuric  acid  and  stored  in  glass  bottles. 

The  Ethyl  Nitrate  used  was  White  Label  grade  obtained  from 
Distillation  Froduots  Indiistries.  The  FE7N  used  was  obtained  frocn  ths 
Hercules  Powder  Company. 


Caapbftll^  Mttliftp 


EFFECT  OF  TEMPERATURE^  OR  OSTONATXOR  mOOITT  OT  KXTRGKBTBA2IE 


Fi&»  1*  Detonation  velocdty  of 
m.troiaothane  confined  in  metal 
tube*  No  teoqperatux^  control* 


TSw  ttrat  «icperlmeBte  on  offbot  of'  conftoeaaeat-  on  ik»- 
detoxuition  velooity  of  Ritrcmeth&no  were  done  in  dural  and  steel  tabes 
at  constant  oharee>veight/oa8ing*^Mlght  ratio*  Subsequent  obserra^ 
txons  on  the  effect  of  satal  oonfineaent  on  Nitroosthue  hare  led  us 
to  regard  the  confinement  emi^oyed  here  as  equivalent  to  infinite  con* 
fdaeaett^  The  datonatloB  v^o<^ties  wor*  aesatired  Otting  the  pin  tsobu 
niqua'^;  and  are  shown  plotted  in  Fig*  1*  These  results  indicated 

that  very  little  dlasieter  effect 
^ _ was  to  be  eaqpected  from  Hitro- 

^ itnoo^  methane  in  metal  tobesy  and  that 

! ‘ ‘ * wS  ®o“®  unccntrolled  factor  was 

*iflo  — j.  bad  scatter  in  the  ob-* 

served  velooltles*.  temperature 

1 — variatlona  in  the  explosive  at 

• V ^ * the  time  of  firing  were  euspoct- 

ed*  Suoh  variations  could  have 
two  sffeotst  raising  tha  teis- 
Fig*  1*  Dctonatloo  velocity  of  perature  of  a llqpld  explosive 
Nitromcthone  confined  in  metal  tends  to  inorease  tha  detonation 
tube*  No  teiqperature  control.  velooityi  the  aoeompanylng  de« 

orease  In  density  tends  to  lover 

the  valooity* 

The  second  of  these  two  effects  is  the  easier  to  examine* 

The  temperature  dependence  of  the  density  is  given  for  Citrace thane  by 
the  foliovlng'^M 

dx  ■ 1*1645  - 1.337  10r3  t - 105 IIT^  ♦ 3*8  ICT^ 

idiare  d«  is  the  density  at  T 

Since  the  Ritromsthane  used  in  these  experimauts  contained  soats 
purltieSf  as  shown  in  the  above  analysis*  a sat  of  temperature-deusitj 
data  was  taken  on  it  with  the  result  as  shown  in  Fig*  2*  The  tenpen- 

ture  coefficient  was  found  to  be  1*33  lO”*' 
‘•“N  I [~|  rn  g/cc/®C,  in  good  agreemont  with  the  value 

given  in  the  above  equation*  Since  the 
velocity  dependence  on  density  for  most 

I ^ solid  explosives,  where  the  density  can  be 

\ varied  independently  of  the  teaperataro, 

I lies  in  the  range  3000  - 4000  m/sec/g/cc, 

■ 3 might  expect  Nltroma thane  to  show  a 

^ ^ velocity  dependence  on  tempera tuM  of  ap- 

‘‘“c  ‘t,  •*  proxlaately  -^*7  m/see/^C  due  to  the  change 

in  density  alone* 

Fig.  2*  Donsity-tempei^  To  determine  whether  Nitromathano 

ature  plot  for  coniraor-  did.  Indeed,  show  such  a temperatara  effect, 
cial  grade  Nitromothano  a series  of  six  rate  measurements  was  made 


C8Bpbttll  » ;Kali2SK  BaZ2«»S: 


Inelttdlnfi  two  at  Msblont  teaporaturo,  two  Joat  aboro  tho 

point  and  two  at  aa  high  a tanporatura  as  was  daaced  safa  with  cmr  a- 

OkipMat.  Iho  axparljaeaital  arraago»ont  Is  shown  In  Fig,  3«. 

• j oxploslra  waa 


■luMn  on  bmas 
au  mUATMi 


-v  to.  mm  Ml 


I MU  mai 

— ‘•^o.coaf  ICO  uit.'urioi 

auui  ma  tucttca 


D- 


aontaintd  in  a hx^s  thbs  2m(J0Q 

fe»-,  In.  o.d.  with  9.125  m.  vsZX. 

W Tba  tubo  was  saalad  at  the  top 

by  a 0.066-ln«  brass  plats 

which  was  soldsrod  Into  plaoo. 

«iem*  Bu  Tha  tubo  was  sealed  at  ^is  bot- 

^ ^ toa  with  a O.QI^^ih*  AzraST 

^ K ^ plate  after  exporlments  had 

wnaonj  ^ ^ shovn  that  adequate  initiation 

/ ^ ^ could  be  obtained  through  uvioh 

.-.trtmmrn  ^ ^ ^ plote.  Tuo  holos  wore  drlll- 

^ ^ cd  through  the  container  near 

^ ^ the  top  and  two  copper  tubes 

V ; ~ oloMi'^cti  SSuriOi  1^3  were  soldered  into  position* 

I — I H § A thistle  tube  was  cemented 

1 1 onto  one  of  these  tubes  using 

Arsaatrong  oossant*f  vfaioh  was 
fouxid  to  bo  ono  of  the  fair 
plaotio  cntorlals  not  attacked 
by  }IitrouU>^iajia.  The  thistle 

i’ig  3 « CJhargo  arrungomont  used  tube  sorred  as  a funnol  during 

to  detorndno  tha  effect  of  tho  fllllns  oporatlon  and  as  a 

tomporaturo  on  the  detonation  resorrolr  In  tho  boating  or 

velocity  of  Kit roDvs thane  cooling  pr^ss, 

*'  After  aosenbly»  but 

before  the  top  end  bottom  plates  were  attaehedi  the  height  of  the 
talner  was  neasurod  with  a vernier  height  gauge  which  could  bo  read 
directly  to  1 nil.  The  thicknesses  of  the  brass  and  dural  plates  .were 
Beasurod  with  a mlcromator. 

Dotonation  velocities  wore  dotormlnod,  os  boforo,  with  the 
pin  technique.  Tha  lover  pin  switch  was  made  of  a coppor  strtpj  2 
mils  thick,  insulated  with  a thin  sheet  of  mica  as  shown  In  Fig.  3* 
rna  upper  switch  was  a 10-24  brass  screw  the  end  of  vblch  was  turned 
to  a point  with  a very  small  flat  loft  at  tho  tip-  TMs  was  threaded 
into  a Lucite  block  which  was  cemented  Into  place  with  ArnatrOTg  ce- 
ment. The  signal  circuit  ground  was  forasd  by  a wire  soldered  to  one 
of  tha  copper  filling  tubes. 

Temperature  measurements  were  made  by  moans  of  an  iron-con- 
stantan  thermocouple.  Two  12-mlL  holes  wore  drilled  near  the  oon'^T 
of  the  container  port  way  through  the  wall,  and  tho  ther^oou^e  leads 
were  peened  into  them.  A Leodo-Korthrup  Portable  Indicator  Pillll^lt 
Potentiometer,  Model  8662,  was  used  on  vblch  voltage  could  ba  read 
directly  to  one  hundredth  of  a millivolt  and  estimated  to  a thou- 
sandth. In  the  range  used,  the  sensitivity  of  tho  IrOT^o^tantaa 
thermocouple  is  about  0.03  millivolt  per  degree  F so  that  tenporatura 


Pig.  3.  Charge  orronge^nt  used 
to  determine  the  effect  of 
temperature  on  the  detonation 
velocity  of  Kit rouvs thane 


♦♦Adhesive  type  A - 1 manufactured  by  Armstrong  Products  Company, 
Warsaw,  Indiana. 
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fissqpbellj;  HHt>1  mtA  . 


eoold  tM  r«ad  to  one<>third  dogroo  T,-- 

Slaco  thoro  v&s  ab  appreoiablet  tlna  Ispsa  bottMoa  tbo  ro&ovw 
si:  of  cioorg*  froa  tho  thamoBtst  and  the  firing'- instant^  lt>  vso  do-^ 
alrabls  to  uss-  a aatup-  with.  a.  large  heat  oapaolt7  to  stnl^sa 
atora  olia&ges*  fbr  this  porposa  a braaa  contaia^^  1/XC- 

la«  vall^  I!f  Is*  lielgbtt  vas  Txsed  as  as  oatsidb  oontfiher  for  tbs  ' 
ohargSt  ard  tbo  space  between  the  two  was  filled  with  sand.  Hl^ 
temperatorei^  '.-jre  obtained  with  an  ov8a«  low  teagwraturee  with  a deei>- 
freese  unit*  la  tl^e  heating  and  cooling  prooeesesy  the  temperature  of 
tbs  sand  alone  was  adjusted  to  approzimat^y  the  Tains  dealred  and  tba 
sand  was  tbss  pooxad  into  tbs  container*  teBperators  was  fbHevsd 
mtil  it  beeazse  reasonably  oosstanti  and  the  shot  was  than  fired*  It 
was  aastaaed  that  by  the  time  the  temperature  appeared  to  be  constant 
the  oonduotivity  of  the  walls  of  the  charge  container  and  conreotioa 
enrrenta  in  the  Kitrooethane  would  have  served  to  pz^sduce  a satisfad- 
torlly  uniform  temperature  throughout  the  charge*  Zn  the  first  shot 
tlisre  was  a 22<«dnute  wait  before  the  shot  %ni8  firedi  vdth  the  tszig>er- 
atore  being  constant  for  the  last  4 mlsiztss.  Other  charges  behaved  in 
a similar  manner*  All  of  the  six  charges  were  easgd^ted  within  a pe<« 
rlod  of  five  dayst  using  Sitromathana  talcan  from  a single  lot  ao  as  to 
ensure  tmlfcrmity  in  the  explosive* 

Sqperimsntal  res\0.ts  are  sriven  is  Table  I sxid  are  presented 
im  Wg.  4«  • ■ 

An  examination 
of  the  data  ehovs  that  un- 
der the  conditions  of  tho 
experlz:antf  Ultromethane 
ez^bits  a relodlty  de- 
pendence on  temperature  of 
- 3.7  n/seo/^.  This  is 
smaller  than  might  be  ex- 
peoted  from  the  density 
offeot  produced  by  temper- 
ature change  as  mentioned 
earlier*  A part  of  this 
discrepancy  results  fron 
the  tendency  for  the  deto- 
nation velocity  to  In- 
crease with  an  increase  in 
the  initial  temperature » 
density  hold  constant}  a- 
nothar  part  la  due  to  the  finite  diameter  of  the  test  ohargesy  as  will 
be  shown  in  the  next  section* 


n*muvat  • ^ 


Tig*  4*  Effect  of  temperature  on  detona- 
tion veloolty  of  Nltroma  thane  in  brass 
tubes.  0.125-Ib,  wall,  1,75  In,  i.d. 


THE  DIAMETER  EFTSCT  IN  NITROMETHANE  AS  AFFECTED  BY  TEMPERATURE 


After  determining  the  effect  of  temperature  on  the  detona- 
tion velocity  of  Nitroiz^ thane,  experiments  were  performed  to  meastire 
the  diameter  effect  in  glass  tubes,  Tho  rssidts  of  this  series  of 
shots  and  also  of  observations  made  during  a study  of  "failures'* 


I 


£ ■ i 

(to  dlaeuasod^  lotor)^  scggosted  tfi&t  the  dlaaetar  en'eet  sd^rt  bo^  a ' 
Amotion^  of  tM^orotaro*  ConseqgeBtlj^  assother  aot  of  e^qperlaonto  vaa  j 
daaigBod  to  inroatlg^to  t&ia  pol»ta  1 

Tha  eaqperinentar  ajcTaageaasBt  oaed  la  ahoim  £& 

Tha  eontftiaera  vara  nada  of 
atandard-vall  Tyrmx  brand  glaaa 
Bolea  for  pin  svltohea  vara  aada  in  tha 
glass  at  5-ln«  intarrals  using  a hot 
tungatan  vira  teehnlqcoo.  Tha  tubas  vara 
tEssn- groond- flat  OBT  aaoh  axHS»  caf  ^tasar.  ^ 
plataa  vara  saaled  on  with  Anistrong  oa- 
sunt.  Tha  pin  svitohas  vara  xuida  with 
staal  hypoderaio  tubing  16  adla  o«d,g  4 
alls  vall»  this  uaterial  baing  tised 
cause  of  Its  stiffhesa*  The  lover  and  of 
each  piece  of  tubing  vaa  eollapsad  end 
ground  flat.  After  tha  probes  had  bean ' 
inserted  and  eeaented  in  place  vith  Arm- 
strong cement*  the  spacing  of  tha  probe 
tips  vas  measured  with  a oathstomster  to 
an  aoouraoj  of  about  1 idl» 

After  each,  glaea  tiAe  vaa-  ao—  ■ 
semblad  and  filled  vith  Idtroaethana*  it 
vas  placed  in  a voodan  box  and  insulated 
vith  vermioxzlito.  This  assembly  vas  than 
placed  in  em  oven  or-  a deep-fraeza  and  I 
brought  to  the  desired  tamparature,  Tha 
temperature  of  the  Nitromothans  vaa  aa- 
aumed  to  eorraapond  vith  the  temperature  of  a piece  of  brass  ahia 
stock  taped  to  the  mlddla  of  the  charge  tube  a^  monitored  by  meana  of  ' 
a thermocouple.  After  tha  charge  had  cams  to  the  desired  temperatxzro  j 
it  vaa  removed  Tram  the  thermostat  and  fired  vlthin  ten  mlnutea*  j 

FoUovlng  the  above  procedure  for  charge  preparation  and 
firing,  tvo  sets  of  diameter-velocity  data  vere  obtained  •—  one  at 
22«5^  and  one  at  91.3^*  Each  series  contained  four  shots,  and  each  j 
shot  contaiined  three  rate  intervals.  Between  the  booster  and  the  ! 

first  rate  interval,  a minimum  of  four  diameters  of  charge  vas  allowed  | 
for  stabilization  of  the  detonation  process.  The  resulting  data  are  j 
given  in  Table  H and  are  plotted  in  Fig.  6, 

Tha  straight  line  dravn  through  the  data  taken  at  91*3®F  vas  j 
obtained  by  the  xaethod  of  least  squares;  the  straight  line  at  22,5®F  j 
was  simply  drawn  through  the  points  and  found  to  be  adequate.  The 
equations  of  the  tvo  curves  aret 

I 

(22.5^)  D - 6374.5  - 170.5  (l/d) 

I 

(91.3®F)  D - 6212.5  - 51.7  (l/d) 

I 

In  these  equations  D is  the  detonation  velocity,  expressed  in  meters 
per  second,  at  a stick  diameter  of  d cm. 

Because  the  slope  of  the  diameter-effect  curve  at  the  lower  ' 
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Fig,  5»  Charge  arrangement 
for  iQaas\juring  detonation 
velocity  as  a function  of 
charge  diameter 
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ji , Table  H 

Firins:  tasqparature  approxloatalx  91,31^ 


1,D«,  0«Da  1/t.Pa  Valooitj  kr^TAgt  Velocity 

hot  ATeraga  iTerage  (ea*^)  IbMorreotad  Correotad  to  9l.3®f, 

fosbas  Cinnhaal  (innhaal  (Vm«1  (^/aaoX^ 


/ 


B-3261 

0.974 

1.097 

0.404 

6192 

6194 

6195 

CilM 

B-326S 

1.247 

1.415 

0.316 

6192 
6196 

6193 

a« 

B-3266 

IJ'49 

1.900 

0,225 

6199 

6200 
62(& 

Q» 

B-3267 

4.055 

4«2d9 

0,0971 

6203 

6218 

6207 

6209 

Flrlxig  taqparatnTa  approodaataly  22.5^. 

Ayeraga  Valooitgr 
Correotad  to  22,5®F» 
(ip^aae) 

D-^r723 

1.330 

1.460 

0.296 

Failed 

D-474I 

1.742 

1.890 

0.226 

6335 

6334 

6337 

6336 

D^743 

2.571 

2.769 

0.153 

6346 

6348 

6349 

6348 

0-^750 

4.059 

4.295 

0.0970 

6361 

6363 

6354 


6358 
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■ I 

is  steeper  U,  the  liiflnlte  ' 

Muta  velooitjr/y  it  na/  be  easttased  that  the  deereaee  In  the  <wft1el  ! 

^ — ■ taBqperatore  hue  eaoeed^  an  fia-  j 

‘ crease  In  the  leaotioa  soae  > 

thlclmess*  The  thlekaeaa  of  ! 

***■ ^ *0^  each  of  the  two  i 

E tearporatures  in  the  experlaant 

t*”[ nay  be  estlaated  by  applying  tii*j 

I r eq^tloir  foriiaccaiflo«r  1 

i charges  (vdiich  should  be  a good  j 

_ _ ~ aRxroxlinatlon  for  Itttroaethaiie  ] 

~T^r ^ glass  tubes)  I 1 

* -Tr-^=^=^  D/b^  - 1 - 0.5  (aA) 

VAa  A . 4.  ^ detonation  velocity  of 

♦i!%r  toop^tore.on  etick  with  diaaeter  R. 

the  dla^ter  effect.  Ritroiaethane  D^i  detonation  velocity  In 
confined  in  glass  tubes.  , Infinite  aedlun. 

nt  reaotion  sons  lenirth^ 

The  results  of  the  ealenlatlras  srer 

(22.5®F)  a-  0,08  m 
(91.3®P)  a » 0,27  m 

a obtained  at  91,3®F  corresponds  closely  to  that  obtained 
by  Cotter^^ji  ^t  approxlaataly  75®F  using  a streak  oanora  technique,  1 
also  of  Interest  to  note  that  the  tes^jerature  ooeffli-' 
olent  of  the  det^tloa  velocity  is  greater  for  infinite  nedlua  than 
it  is  ^r  small  diameters.  Using  the  two  infinite  medium  extrapola- 
tlons  given  ab^,  a value  of  -^,2  la  obtained.  At  a charge 

olanetep  of  1,75  in,  the  value  of  the  temperature  coefficient  of  the 

to  ho  -3.5  Vboo/oo.  This  Is  1»  good  «-  ! 
gneasOT  with  the  value  —3.7  a^secAc  foxiad  for  brass  oonfineiaent  at 
this  dlamoterf  reported  in  the  proceeding  section. 

i 

j 

EFFECT  OP  TEMPERATURE  ON  FAILURE  DIAMETER  , 


The  effect  of  temperature  on  the  failure  diameter  of  Nitro- 
methane  vm  determined  with  the  use  of  the  charge  arrangement  shown  in 
rig.  7,  The  charge  of  Nltroma thane  was  contained  in  a Pyrax  brand 
^ass  tube  approximately  12  diameters  long.  It  was  poured  into  the 
tube  through  a small  hole  In  a thick  dural  plate;  damage  to  the  latter 
was  used  as  a criterion  for  deciding  whether  detor.«tion  or  falluro  had 
^curred  (Fig,  C),  Initiation  of  the  Kitromathano  was  uccompllshad 
by  use  of  a heavy  booster  of  Composition  B acting  through  a 50-mll 
gaao  p^te,  this  combination  resulting  In  slight  ovarboootlng.  As  in 
the  previous  set  of  experiments,  the  temperature  of  the  charge  was 


CtaspboU^  BoTUtsd 


ootttttartt  bx  BMuas  of  mibstAntial  tnaolstton* 

Tha  reaolta  cOrtaiasd  at  tier** 

tMq;>6raitur68  ara  shovn  in  Tig.  9 and  amr 

— - — "■■—'■  ■■■>■  Xitttad  In  Tabl®  III*  While  there  ie 

ecime  orerlap  apparent  at  a given  teqper^ 
— - — nutmmu  atoTe#  'tile  failure  dianeter  ia  defined 

Tzjzzn  to  about  2-3  aa*  Oiror  the  tenperatnre 

range  covered  in  these -experiaMta  the 

"*“"“"3.  failure  dianatar  varlad>  fbca. aagPoacW 

BateZ7  15  am  to  35  vs*  inereaalBg  as  tike 

— i>NM  initial  temperature  vaa  lowered* 


FAILtmS  FROCSSS  ZH  LIQUID  BXPLOSma 


LLV-S-  — PUn  tun  OMam  Early  work  on  the  diameter  ef- 

1!  yhr±zrizz  SL!?**  feet  in  Sltronethane  vaa  directed  to 
U ^ ^ finding  the  failure  dlasator  of  this  ax- 

plooive  in  tubes  of  glaaa  and  variona 
fig*  7*  Charge  arrangesunt  metals*  KLaatio  tubea  were  not  used  be- 

used  to  dotarmise  failure  oauae  of  the  possibility  of  eentamina^ 

diameter  tion  of  the  explooivo  by  eolvont  aotloa. 

It  soon  beoase  ovident  that  dtroaethane 
would  propagate  (at  about  75^)  in  brass  tubes  ot  ^ izi  i*d*  and  1*6  m 
wall  aiul  in  dural  tubea  of  4«C  mn  i*d*  and  1.6  sm  vallt  bat  vould  fail 
In  glass  tubea  belcv  17  ssn  i*d*  Subsequent  examination  of  the  proeees 

— i 


Fig.  8*  Photographs  Af  B shov  the  damage  to  dural  plates  resulting 
from  propagation  of  detonation  in  charges  as  sketched  in  Fig*  7* 
Photograph  C shova  the  result  of  detonation  failure* 

of  failure  using  a streak  camera  shoved  non-luminous  areas  spreading 
Invard  from  the  confining  vails  and  choking  off  the  detonation  pro- 
cess* These  "failures'*,  observed  in  connection  vith  other  ez- 

periswnts  by  T,  P.  Cotter appear  to  be  characteristio  of  hono- 
genoous  explosives* 

A rotating'^uirror  camera  record  of  the  falltire  of  detonation 
in  Kitroma thane  Is  shovn  in  Fig.  XG.  In  this  figure  and  in  Figs. 
ll'^9  the  camera  has  been  directed  to  look  along  the  axis  of  the 
oharge*  Time  proceeds  to  the  right  at  the  rate  of  0*39  pseo^ai*  In 


Ctapb^t  Mallihr 


Xabl*  m 


!•  D,  Av8rag« 

fpmjaatarii) 


Temperature  Result* 

(de^ee  F>  


30A': 

3d. 

3>.^ 

17 

-J9.a 

33.5 

16 

J.0.5 

34.5 

17.5 

-6.5 

36.5 

17.5 

-7.0 

38.4 

18 

^.0 

40.4 

18 

-9.8 

22.3 

12 

17.0 

27.3 

U 

17.0 

31.0 

15 

20.0 

40.5 

17.8 

30.0 

23.^ 

12 

19.9 

26.0 

15 

19.5 

27.2 

16 

20.0 

2d.2 

15.8 

18.5 

28.8 

16 

19.3 

30.9 

16 

21.8 

31.3 

16  • 

17.5 

33.4 

16 

19.8 

12,7 

12 

96.7 

14.9 

12 

98.0 

15.5 

12 

90.4 

16.7 

11.8 

95.9 

"7.5 

12 

92.2 

•yjrallure 

P-nropagatlOB 

Hotel  AH  tubing  vas  standard  vail  l^rrez  glass  tubing« 
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Fig,  I€F  expioaive  waa  contained  in  a glass-  tidje  17  aot  t*d,  Deto- 
n&tlon  ceased  after  a travel  of  approxiinately  50  ana  ta  tha  Utraas**^ 
thane,  Sladlar  behavior  was  also  observed  for  Ethyl  Nitrate  CWgr  19^ 

and  for  large  e£ngl» 
crystals  of  PETN  as  will 
be  described  in  a later 
section  of  this  report. 
Figure  11 

shows  12ie  streal  cectos^ 
froa  a rfSarge  sihlZar  tot 
that  which  produced  the 
record  in  Fig.  10,  ex- 
cept that  the  glass  was 
replaced  by  dural.  No 
failures  are  evident. 
This  difference  in  the 
effects  of  i^ass 
dural  on  the  oeetnrrenee 
of  failures  was  at  first 
quite  puzallng.  Since 
Fig,  9,  Effect  of  tesiperature  on  the  failure  the  charge-vsl^t/eas* 
dlimater  of  Kltromethu^  confined  in  g^asa  Ing'^eight  ratios  for^ 
tubes  the  two  charges  were  es- 

sentially the  saoe,  and 

since  the  densities  of  the  two  suiteriala  were  nearly  equal,  the  in- 
tuitive feeling  arose  that  the  observed  difference  was,  perhaps,  not 
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Fig,  10,  Nitromethane  in  glass  tubing.  Booster  flash  at  left  end  of 
trace.  Tube  l.d,s  17  mm.  Tins  Increases  to  the  right  at  0^9  ^seo/am. 


the  racult  of  confinement  In  the  ustial  sense,  but  oaae  about  through 
some  difference  in  surface  effects.  This  feeling  was  strengthened  by 
the  shot  record  shown  in  Fig,  12,  This  was  produced  by  Sitromethano 
detonated  in  a glass  tube  close  to  failure  diameter.  The  wall  thick- 
ness of  the  tube  was  about  1 inm.  Lead  tape  was  wrapped  to  a thick- 
ness of  1/8  in,  about  the  first  two  Inches  of  the  tube.  The  second 
two  inches  were  lined  loosely  with  one  layer  of  2-cill  aluminum  f,:il. 
Thus,  the  mass  of  the  first  part  of  the  tube  was  increased  substan- 
tially over  that  of  the  glass  alone j the  mass  of  the  second  part  was 
essentially  unchanged,  but  the  inner  surface  was  now  aluminum.  From 
the  camara  record  It  Is  evldeut  tluit  the  increased  confining  mass  in 
the  first  interval  was  relatively  ineffective  in  eliminating  failures 

3U6 


?T— yt^\^ 


CaB|:ftal^  Hftlta»  BftTlun^ 


^Amix.  ooppBiXrcd  ta  the  action  of  the  alixalmaa  f«^« 

Referring  again  to  FltJ*  12»  it  should  h^notetf  that-  tha 
detonation  proeeaa  appears  to  oease  abruptly  aft^  reaching  the  end  of 
the  alTmlnusa  fiafT«  i were  ^QEreot  Illustration  of  the  action  of  fttSX^ 
ures  to  choke-off  the  detonation  is  presented  la  Fig.  14*  is  a 
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Fig.  11.  Ritronethane  In  dural  tubing.  Tine  scale  t 0.39  p.86o/8EU 

eoeoession  of  pictures  of  a aia^e  charge  nx^orgolng  falltxre.  The  ex- 
perlicsntal  arrangement  is  dlagraimned  In  Fig.  13.  A glass  tube  filled 
with  Kltromathane  vas  arranged  to  extend  into  a stmTI  glass-vailed 
boxf  also  filled  vith  Kltroaathane.  The  diameter  of  ^ass  tube 
vaa  chosen  to  be  considerably  below  failure  disaster  at  the  tespe^ 
ature  of  firing.  Propagation  of  detonation  in  the  glasa  tube  vaa  msda 
possible  by  a lining  of  2-iall  stainless  steel  foil.  During  detona- 
tioni  the  box  vas  iUuBinated  from  the  rear  with  argon  shook  ll|^t. 
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I Lead  foil  I Aluminua  1 Glass 


12.  Ritromsthane  in  {^ass  tubing.  Lead  foil  wrapped  outside  tube 
over  first  2 in.  of  tuba  length;  2 mil  aluminum  foil  used  to  lino  tuba 
for  second  2 in.  of  length 


Picture  frames  were  taken  with  exposures  of  0.3  nsec  and  were  spaced 
at  intervals  of  1.5 

In  Fig.  14f  the  approach  of  the  detonation  wave  to  the  upper 
end  of  the  tube  is  shewn  first  in  frame  No,  2.  As  the  wave  emerges 
from  the  end  of  the  tube,  a rarefaction  spreads  inward  from  toe  peri- 
phery, giving  too  wave  the  appearance  of  a truncated  cone.  (Prams 
No.  3).  In  frame  Ro.  4 the  detonation  process  has  ceased,  and  a 8ln»- 
ple  shock  wave  is  passing  out  into  the  Nitromathane  filling  the  box. 

Reverting  to  toe  thought  that  the  effectiveness  of  aluminum 
foil  in  suppressing  failures  might  be  due  to  some  surface  character- 
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Fig  • 13 • Charge  arrungement  used  to 
Illustrate  failure  of  detonation  in 
Kitromsthane 


iatie  BoV  poaeeeaed  bj  threr  experiaenta  ware  tried  to  Inreeti- 

gato  obei:)O0  differeaoeOo  Theeo  tests  did  not  eonstitatjs  an 
' tlTO  exaalnatiOB  of  the^  problea*  tut  vere  perfomed  Ixx  the  hope  of  tow 
etmirtng  elues  vhfeh  night  suggest  nore  drtailsd:  e:qperlBe&ta» 
thfluigh  the  results  vere  nsgatlvei  thej^  are  offered  hers  because  thej 

contribute  to  Uniting  the 

‘j  — — j possible  ozplenatioxui  of 

the  effect  of  metal  folia 
in  repressing  £laSInrea«k> 

•1^  II  iiiiw  I ■■  The  first  surfhes  sft» 

feet  tested  vas  tha^  of 

, L smoothness.  The  ^ass 

- tubing  used  had  always  had 

•mmtxtmt  rm  iiMica  a firs-polished  Ixner  sur- 

faoe»  whereas  the  metal 

Mooa  KJM  wmmn  naiftuaaMuia^  1 foil  had  been  ralatlrely 

nm  muT,  MB  mAin  ta  UMriM  ~ ■ wwwmph  . _ » «f  « 

^ rough.  To  exaggerate  this 
difference  in  SBOothnesSf 

mmrma  a 35  sa  i.d.  ^8S  tube 

)l^  —woww  yj^a  prepared  with  the  lat-^ 

ter  half  of  the  inner  8U3^— 
U,  Olarge  arrangement  ^ed  to  rou^aned  with  Ho.  54 

illustrate  failure  of  detonation  in  Carborundum.  The  firing 
Kitromathans  traoe»  Pig,  15»  shove  lit- 

tle or  no  difference  be- 
tween the  effects  of  the  onooth  and  the  roughened  portions.  In  pass- 
ing* it  should  1^  noted  that  increase  of  the  tube  diameter  resulted 
in  the  production  of  sicaller  failures  than  thoss  in  Pig.  1C. 

The  next  surface  effect  Inyeatigated  was  that  or  ohsmloal 
reaction.  Zt  vaa  argued  that*  contrar7  to  the  action  of  c^ass*  the. 
aluminum  might  reaet  with  the  Nitrosrathene  to  produce  decomposition 
products  of  the  latter  idiioh  would  sessitiae  the  exploelTe  near  the 
oocflnlng  walls.  To  test  this  possibility*  aluminum  foil  vas  Immersed 
in  Hltromethane  for  19  hours.  The  explosive  v&o  then  decanted  into  a 
glasa  tube.  Por  purposes  of  reference  the  first  inch  of  the  tube  vas 
lined  with  2-mll  aluminum  foil.  The  firing  record*  Fig,  16*  shows 
that  the  Nitrometbane  vas  not  sensitized  to  any  appreciable  extent. 

The  third  surface  effect  to  be  studied  vas  that  of  eatalytio 
aotlvity  by  the  metal  foil.  A 2-all  platinum  foil  vas  poisoned  with 
hydrogen  sulfide  This  was  then  used  to  line  a portion  of  a glass 
tu^  the  remain  ' of  which  vaa  lined  with  untreated  pdatinum  foil. 
The  firing  teat  wed  the  two  foils  to  be  indistinguishable  In  regard 
to  the  reprerilon  of  failures. 

In  die  hope  of  finding  some  difference  between  Tarious  met- 
als which  might  famish  a hint  of  the  mode  of  action  of  the  alumiuuai 
in  repressing  failures*  several  metal  vere  tried  ao  foils  in  glass 
tubes.  Beoauss  of  ready  availability*  the  metals  tested  included 
steel*  copper*  tungsten  and  platinum-  AH  pfroved  effective  in  thlolc- 
nesses  of  a few  mils. 

One  of  the  first  clues  to  the  true  mode  of  action  of  foils 
vaa  obtained  in  the  firing,  record  presented  in  Pig.  17.  In  this  shot 
the  diameter  of  the  glass  tube  vas  less  than  foiliire  diameter.  The 
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Fig*  15*  HitrodUibthane  Is  ^aas  tubing.  Right  half  of  tuba  ground  with 
Carborusdna  on  lunar  sorfaea.  Tisa  soalat  0.39  iisao/uu 

the  detonation  failed  on  raaohing  the  eopper  foil.  Slnoo  thlokar  e(q;>~ 
per  foil  bad  bean  found  to  be  effeotiva  In  preventing  failtoreat  It  vaa 
suggested  here  that  the  thielmaaa  cf  the  foil  was  is^ortant. 

To  inTastlgata  further  the  effect  of  foil  thioknaea  a glaaa 
tube  with  a diameter  less  than  failure  diameter  for  unllned  c^sa  vas 
lined  «d.th  three  platinum  foils  of  differing  thloknessee*  The  first 
foil  encountered  by  the  detonation  wave  vas  1 mil  thiok«  the  next  vas 
1/2  mil  thiok  and  the  third  vas  1/5  mil  thlok.  Each  foil  occupied  tvo 
Ijeiehea  of  the  length  of  the  tube.  The  firing  traoe»  Fig.  18(  shovs 
that  only  the  1/5-otil  foil  vas  inoffectivo  In  prerenting  failure.  A 


Fig.  16.  Hltromethane  in  glass  tubing.  The  ezploBive  vas  maintained 
In  contact  ’^th  aluminum  for  19  hours  prior  to  firing.  First  2 inches 
of  tube  lined  vith  2>4ail  altmintm  foil.  Time  scale i 0.39  pseo^im. 

similar  shot  in  which  the  foils  were  made  of  copper  gave  a similar  re- 
sult. Here*  theUf  vas  a method  of  differentiating  the  action  of  foils 
which  differed  by  only  0.3  mil  in  thickuess.  Additional  experiments 
suggested  that  f\.r  a given  foil  thickness,  steel  vas  more  effective  a 
confining  material  than  aluminum,  and  tungsten  vas  more  effective  then 
steel.  The  effectiveness  vas  evidenced  by  the  mlnitmua  diameter  ^asa 
tube  in  which  propagation  vas  made  possible  by  the  presence  of  tbs 
foil. 

On  tha  basis  of  the  experimental  evidence  presented  above 
and  from  the  results  of  other  slidlar  exparlments,  it  may  be  conclxided 
that  the  action  of  metal  foils  in  repressing  failures  in  Nltromethana 


la  oo»  of  eenfitteaant  of  tko  dotonatlon  wave.  Such  passaetors  as  tha  : 
danal-^t  eeapyesatbiltty  and  tblolmass  of  the  confining  aatorial  ars  ^ 
the  iisportaht  <»esc  and  the  opaelflo  nataza  of  tho  eurfaoe  seeas  to  ha-j 
without  effect.  Glase  nay  ba  anoaalong»  btzt  not  enough  is  known  about  j 
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flgn  17.  Kltromo thane  in  glass  tubing.  First  two  inches  of  tube  lined  j 
with  2-all  aluminum  foil]  second  two  inches  lined  vita  1/4-aiI  copper  | 
foil.  Detonation  failed  before  reaching  end  of  copper  foil.  { 

Tins  soslet  0.39  paee^n* 

J 

idiook  prooesaea  in  this  material  to  be  certain  of  this.  Beeanss  of 
the  anrprislngZy  thin  layers  of  metals  i^ch  are  effective,  it  may  bo 
that  confinement  of  the  reaction  sme  until  soma  initial  stage  of  the 
reaction  is  completed  is  sufficient  to  prevent  the  oocurrenoe  of  fail- 
ixrea. 

DETOHAnON  PHENOMEHA  IN  LARCaS  CRYSTALS  | 

Work  on  large,  single  crystals  of  high  explosive  was  begun 
partly  because  so  little  was  known  about  the  behavior  of  suob  crystals 
and  pnrtly  of  aoma  unique  properties  which  had  been  suggested 


I 1 mil  I 1/2  mil  I 1/5  mil 


Wg.  18.  Nltromathane  in  glass  tubing.  Tubing  lined  with  three  2-ln. 
platinum  foils  in  series*  Foil  thickness t 1 mil,  1/2  mil  and  1/5 
mil.  Detonation  failed  on  encountering  the  l/5-<all  foil* 

Tima  sealer  0,39  psee/sm. 

for  them.  Therre  ore  those  who  are  of  the  opinion  that  It  is  not  pos- 
sible to  produce  a stable  d8tonaiJ.on  in  a single  largo  crystal.  This 
view  follows  from  the  belief  that  the  compressional  heating  in  the 
shock  front J in  the  absence  of  air  voids,  la  insufficient  to  account 
for  the  rapid  rate  of  reaction  associated  with  detonation.  On  ths 
other  hand,  there  is  a cojsmonly—hold  view  that  large  crystals  of 
explosive  may  be  much  more  sonsitive  to  mechEmical  shock 
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th&n  ths  smaller  orTstals  normally  encountered. 

These  questions  have  been  investigated  for  such  different 
staterlals  as  PETN,  Totryi^  RDX  and  THT.  Large  crystals  of  any  given 
exploaive  studied  have  been  found  ta  be  ztau^dly  less  aenaltiVe  t9 
initlBtloa  by  mechanical  shock  than  the  poutlered  fbrm.  Rbwever*  under 
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Fig*  19.  Ethyl  Nitrate  in  glass  tubing  27*2  mm  i.d.  Tubing  lined 
with  2.5-ail  stainless  steel  foil.  Time  scales  0.17  (tsee/ma. 

suitable  conditions  of  boostingi  large  single  crystals  nay  be  catsed 
to  detonate.  It  la  Important  to  note  that  the  crystals  used  for  deto- 
nation studies  were  in  most  cases  optically  clear  and  free  from  visi- 
ble defects*  but  there  was  always  *^0  possibility  that  small-scale 
lattice  defects  throughout  each  crystal  may  have  sexnred  as  centers  of' 
reaction*  fulfilling  the  requirements  of  the  "hot  spot"  theory.  Al- 
though tUs  posalDillty  may  have  obscured  the  main  Issue  here*  other 
equally  Interesting  phenomena  have  been  observed  which  relate  the  be- 
havior of  large*  single  crystals  to  that  of  liquids. 

ftreparatlon  of  Crystals 


The  crystals  used  were  grown  fkoa  saturated  solutions  by  two 
ffisthods:  by  evaporation  of  solvent,  and  by  lowering  the  temperature 
of  the  solution.  In  both  methods,  seed  crystals  were  used.  The  sol- 
vent principally  employed  was  acetone. 

Many  difficulties  were  encountered  In  growing  flawless  cry- 
stals to  a size  of  one  inch  or  larger.  PETN  crystals  in  particular^ 
but  of  them  to  some  extent,  were  found  to  be  extremely  fkagUe 
when  exposed  to  thermal  shock.  Merely  touching  the  crystal  with  the 
fingers  was  sufficient  to  produce  cracking  which  was  both  visible  and 
audible.  Evaporation  of  solvent  from  the  crystal  surface  when  the 
crystal  was  removed  from  the  growing  solution  produced  disastrous  ef- 
fects on  the  clarity  of  the  crystal.  This  sensitivity  to  thermal 
shock  Increased  rapidly  with  crystal  size* 

The  quality  of  the  crystals  was  quite  veiriable.  Some  cry^ 
stals  were  grown  which  were  almost  optically  clear,  while  others  had 
clear  sections  which  were  cut  out  for  use  in  the  experiments  to  be 
described  below  (Fig,  20),  The  very  large  crystals  used  in  the  rifle 
bullet  tests  were  quite  cloudy.  An  index  of  the  quality  of  the  better 
crystals  is  furnished  by  the  data  in  the  following  table. 
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1 

■ ■ . i 

(p.)  1 

Bxplosivs 

Appearanoa 
of  Cryst^ 

Density 

Obaerv^ 

e/oe 

Density  Repopted' 
in  Llteraturs 
g/cc 

...  ■ ■ 

■4  ' 

FBIV 

Clear 

1.777 

1.773^^^ 

INI 

Cloudy 

1.65J. 

1^654^*^^ 

Ibisyat 

Ossa- 

1.72^ 

RDX 

Cloudy 

1.802 

1.82  ^9) 

T!is  ob&dirved  densi'^  values  reported  above  vere'  detersdaed 
bj  preparing  a sine  ohloride  eolation  in  vhleb  the  orTStal  oonld  be 
mapended*  The  deneitj  of  the  solution  was  then  seasured  vlth  a hgr^ 
dro^ter  ^diieh  had  been  eellbrated  with  a pyonoaiater* 

Crystals  were  found 

FT"**'" "■  to  be  meh  easier  to  cut  ind 

I r shape  than  to  grow*  They  could 

r ' be  chipped  to  8hai»  with  a ra*- 

^ ^ J Bor  blade  and  polished  in  a 

■^'<1  ^ 1,'*  T‘T*"’^  < > lamner  readnlscent  of  optical 

V- ' ' ' -c,  polishing  swthods*  A acre  ele- 

. L^_y  I gont  way  of  shaping  than  was 

V • I that  of  grinding  with  hl|^ 

. . ..  1 opoed  grinding  ixrolpcontt  using 

korosona  aa  a eodicnt  and  dust 

alloyer.  tbo  procoss  of  fabric* 

Fig*  20«  Ihapollshed  crystals  of  PSTH  eating  a cylinder  f^ron  a FST9 

crystal  was  as  fdllovst  the 
rough  crystal  %ras  oesiented  to  a short  section  of  wood  dowely  txain^ 
Armstrong  cement.  Only  a layer  of  the  cement  was  used  because  of 
the  heat  evolved  In  the  polymerization  process,  Vbon  tha  cement  had 
sety  tbo  dowel  was  moimted  In  a lathe  and  rotated  slowly'.  The  cylind- 
er was  formed  bv  taking  fine  cuts  with  a 5-ln,  iiundun  wheel  (Horton 
No,  38  A 120  LV)  counted  in  a tool  post  griruer  and  rotated  at  5000 
, RPM,  When  the  cyilinder  bad  been  ground  to 

^ the  correct  dlam3*;ory  the  ends  wore  out  off 

v (Fig,  21)  using  a rubber-bonded  Altmdun  wheel 

► J 4 Inches  in  dlomattr  and  8 nils  thick  (Horton 

: I I No,  A-240-z-JL0R30)y  also  rotated  at  50<^  RIM* 

' : " ? . . I ji  Rifle  Teats 

: ■ ^ , At  the  time  work  was  begun  on  cry^- 

J stslo,  there  seemed  to  exist  a widespread  ap- 

prehension that  large  oiyatals  of  explosives 
Fig,  21,  Oylin^r  were  more  sensitive  than  the  secs  materials 

ground  from  PETH  in  any  other  physical  stite.  This  apprehen- 

crystal  sion  may  have  originated  from  a knowledge  of 
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tba  graat  sanaitSvltjF  or  largo  graiae  of  lead  azide.  Crystala  of  this 
es^osifo  1 SB  in  langtJi  have  bees  reported  to  exploda  spontaneousljr 
(10/^  It  vae  desirablet  tharoforo,  to  obtain,  aoma  infozmtlon  on  tba 
seneitivltj  ot  the  large  crystals  of  FSTB'  haing  groEtm*. 

The  test  decided  upon  vas  a rifle  test.  A rifle  <diead)ersd 
for  the  .220  Swift  cartridge  vas  esployed)  the  tsrpe  of  bullet  used  in 
the  tests  was  a soft-point  one  weighing  43  grains.  It  bad  c icuszle 
velocity  of  4000  ft/see  and  a muzzle  energy  of  1800  ft-lbs.  In  each 
testy  %dth  the  exception  of  onsy  the  crystal  was  mounted  on  ^ywood  or 
eorrogeted  paper  boiml  at  a dlstasae  ct^  ft  firm  the  muzzle  of  the 
gun.  The  crystal  vas  oriented  with  the  ninimua  dimension  in  a direc- 
tion parallel  to  the  path  of  the  bullet. 

The  result  of  each  rifle  test  vas  determined  from  the  damage 
to  the  cryetal  support  and  from  the  manner  in  which  the  crystal  dis- 
integrated. In  ally  25  tests  were  mode  with  crystals  varying  in 
thlolknesa  from  3/4  in.  to  3 1/4  In.  It  vas  found  that  PTSTH  eryetsls 
less  than  1 1/4  in.  thick  did  not  detonate  to  any  detoetable  eztentj: 
crystals  approximately  1 3/8  in.  thick  somctlmaa  detonated  portiallyi 
and  crystals  more  than  13/8  In.  thick  alvays  detonated  with  accompa- 
nying loud  noise y bright  flash  and  thorough  destmotion  of  tho  backing 
and  supporting  stand. 

Flguxa  22-A  shovs  a F8TK  crystal  motmtsd  for  testing  os  m 
sheet  of  plyvoody  and  the  daz&age  to  tha  backing  as  a resul'C  ol  the 
disintegration  of  the  crystal  is  shown  in  Fig.  22-S.  In  Fig.  23-Af  a 

3/4  in*  thick  PSTN  crystal  Is 

^ I i_nii  . . ■■  shown  mounted  on  a stool  plate. 

The  only  damage  to  ths  plate  as 
a result  of  tha  rifle  test  was 
a pit  due  to  the  impact  of  the 
bullet.  LatoPy  a similar  cry- 
stal vas  mounted  on  tho  saaf? 
plate  at  the  lover  right  comer 
and  ves  Initiated  with  an  eleo- 
— - trie  detonator  to  produce  dam- 

I age  for  comparison  with  the  re- 

j suit  of  the  rifle  bullet  test, 

j ^ It  is  apparent  that  the  crystal 

’ struck  by  the  bullet  did  not 

— V r--  detonate. 

The  relative  sensi- 
tivity of  powdered  PETN  vas  il- 
lustrated by  the  results  of 
thirteen  additional  rifle  tested 

Pig.  22A,  PETN  crystal  mounted  on  In  each  of  these  testa,  the 
plywood  for  rifle  test  powdered  material  vas  poured 

onto  a sheet  of  cardboard  to 

fora  a thlny  uniform  layer  of  explosive.  Thin  strips  of  wood  were 
used  to  support  the  edges  of  the  layer,  and  a thin  cellophane  sheet 
vas  placed  over  tho  top  to  hold  the  explosive  in  place  when  tha  as- 
sembly was  turned  on  edge.  The  thickness  of  tha  PSTN  layer  was  0,148 
in,  in  tho  first  test.  Since  this  charge  detoziatedy  the  thickness  vae 
reduced  In  each  of  the  succeeding  tests  until  on  the  last  test  a 
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thloVtMiBa  of  0.092  va»  reachad.  teat#  rasnltad  is  dotonatl<»*-- 
Ssxftt  it  boeoae  apparent  that  poMdered  FBTS  vaa  mteh  more  senaltiTa 

than  large  crTstola  of  tin  sana 
•xfiostn. 

, I . D«tonation  of  Sinj^  Crystals 

Observations  on  the 
detcmation  of  sin^e  orTStals 
p - v J 'i  were  nada  both  vttb  rotating. 

I . nlrror  cameras  and  with  the  pin 

V technique.  Unfortanately,  the 

y S' ^ work  on  the  measurement  of  de- 

, y /v  tonation  velocity  was  inter- 

rupted  before  satisfactory  data 
y: coadd  be  obtained,  fieverthe- 
- ' leas,  many  Interaatlng  qualita- 

‘ - I details  of  tho  detonation 

I process  ware  dlsoovered  and 

isfc^,  ^ ....'te . - - , r , these  will  be  dlsousaed  here. 

In  Fig.  24^,  a FEIH 

Fig.  22B.  Damage  caused  hy  dlainte—  osyatal  .616  in.  thick  is  shown 

gratlon  of  crystal  under  bullet  mounted  above  a plane  wave  gen- 

l^paot  orator.  A flat  face  was  ground 

on  one  side  of  the  erystal, 

making  an  an^^e  of  45^  with  the  base.  The  erystal  was  separated  tram. 


Fig.  22B.  Damage  caused  hy  disinte- 
gration of  orystal  under  bullet 

l^paot 


making  an  an^^e  of  45^  with  the  base.  The  crystal  was  separated  frca 
a Cocopcsition  B booster  by  a distance  of  0.3  in.  When  the  charge  was 

fired  a jlaue  detonation  wave  was 
J'tv  v v ; ’ produced  in  the  plate  of  Coaaposl- 

rr'  v\  *5 'V  tiaa  B.  This  in  turn  produced  a 

' V plane  shock  wave  in  tho  air  apaoe* 

V • ' - ; above  tho  plate,  which  initiated 

^ crystal  weakly.  The  da- 
tonation  wave  proceeding  up  the 
~ orystal  gave  evldenoe  of  its  poai- 
, f tion  by  a luminous  shock  in  'Uie 

v__^  narrow  air  space  under  the  plastio 

cover. 

The  firing  trace  from 
this  shot  is  shown  in  Fig.  24^ 

I and  is  explained  by  means  of  the 
/~  \ i"'"*' — i skotoh  in  Fig,  24-C.  In  tho  lat- 

i X tor  figure,  interval  I shows  tho 

■ — *■-  - - shock  traversing  tho  air  space  be- 

tween the  Composition  B and  the 

Fig.  23A,  PETN  crystal  mounted  on  orystal.  la  Interval  H,  a deto- 
ateel  plate  for  rifle  test  nation  wave  proceeds  at  low  velo- 

city and  with  low  luzdnoslty 

through  the  crystal.  At  the  beginning  of  interval  III,  the  detonation 
wave  undergoes  an  abrupt  Increase  in  velocity  and  brightness.  The 
velocity  actually  exceeds  the  stoady-ctate  value  for  a short  space, 
then  drops  to  that  value.  In  interval  lY,  the  shock  wave  in  air 


Fig,  23A,  PETN  crystal  mounted  on 
steel  plate  for  rifle  test 
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leToni  'Uttt  orystaZ  Is  evident*  Th»  details  of  this  record,  vare  fcxuad 
toL-  bo  repeated  In  many  slnilar  experiaente*  Besidee  the  intareotlng 

phenooenoa  of  onrerahoat  In  the 
---  ■?5R'.s  velooltyt  vhieh  hna  alsa  bees 

' obserr^.  for  detonatton.  in 

gases the  experlnant  shovs 
that  with  nodorboostlngy  the  de- 
tonation rate  increases  to  the 
finals  steady-state  condition^ 
proving;  that  atahla  datonatina. 
in  sln^e  crystals  is  possible* 
Actual  detonation  ve- 
locities in  the  above  esperlnent 
were  difficult  to  measure  with 
accuracy,  because  of  the  probles 
of  accurate  space  measiirement* 
The  estimated  values  of  the  de- 
toziation  velocity  were  5560 
i^seo  for  the  initial  phase, 
11,120  x^seo  for  the  overshoot 
end  7240  a^seo  for  the  final 
state* 

Ih  another  type  of  ex^ 
porimant,  crystals  were  ground 
into  rods  and  stacked  to  make 
rate  stleks  as  shown  in  Tig*  25* 
She  purpose  of  the  two  ezperl- 
toants  of  this  type  which  were 
OQsipleted  was  to  oEitlmate  the 
failure  diameter,  and  to  measiure  the  detonation  rate,  if  detonation 
occurred,  using  the  pin  technique*  3n  the  first  shoti  the  crystals 
were  ground  to  a diameter  of  1/4  in*  and  a length  of  approximately  1 
in*  Boosted  with  a cube  of  Composition  B 1/2  in*  on  a side, 
charge  failed  to  detonate*  In  the  second  experiment,  the  crystal  dia- 
meter was  1/3  In.  and  the  lengths  of  the  two  sections  wore  0.929  in* 
and  0,763  in*  Keasured  velocities  wore  7973  vi/aoo  over  the  first 
piece  beyond  the  booster,  and  6033  m/soo  over  the  second  piece*  Since 
the  dlamster  of  the  stick  stay  still  have  been  near  the  failure  value, 
failure  might  have  occurred  in  the  second  Interval  and  the  final  pin 
signal  could  have  been  due  to  closure  of  the  pin  switch  by  air  blast. 


Fig*  23B*  Circular  pit  at  left  is 
duo  to  bullet  impact  in  rifle  test 
of  crystal  shown  in  Tig*  23A*  Reo- 
tangolar  pit  at  right  Is  damage 
which  resulted  from  the  initiation 
of  a siiaUar  crystal  with  on-  eleo-< 
trio  detonator. 


Failures  and  the  Foil  Effect  for  Crystals 


The  fact  that  crystals  exhibit  "failures"  and  the  foil  con- 
finement effect  is  demonstrated  in  Fig,  26*  This  is  the  record  ob- 
tained from  a PETN  crystal  cut  in  the  form  of  a paroUolepipod  measur- 
ing 0,25  X 0,25  X 0,40  in.  A 2-cill  copper  foil  was  glued  around  the 
crystal,  exrtendlng  0,2  inch  in  the  long  direction.  The  end  of  the 
crystal  which  was  thus  wrapped  with  foil  was  initiated  with  a 1/2-la, 
cube  of  Ccaiposition  B,  A rotating  mirror  camera  was  directed  to  look 
down  the  long  axis  of  the  orya-cal.  From  the  firing  record.  Fig.  26, 
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it  ifr  oridfint  that  «M2tt  tha  oroas  aa«tiMk  of  tha  crTstal  vaa  qoito 
firaall,  no  falloses  ocourrad  until  the  detonation  wave  paused  beyond^ 
tha  ooppar  foil  eonftnaaonta  at  which  tisa  failures  ^^Wad  and 

rapixQjr  oholced  off  the  deten8» 


?lg«  25*  Bate  atlek  sada  of  FETH 
crTstals  ground  to  oylindrloal 
ahapa.  Putty  vaa  placad  over  the 
booator  to  hold  back  air  bleat* 


tloa*  Kcny  olallar  records  ware 
obtainac^in  other  experiment  a, 

CQBCLQSXQK 


Xn  the  foregoing  sao- 
tions^  data  have  bean  praGentad 
to  show  that  initial  tenporature 
has  a proaoonood  affeot  on  tha 
detonation  volooity  of  ITltrome* 
thana.  The  vxsiooity  was  found 
to  inoraiiae  with  deoraasa  in 
tanparatnret  as  was  also  tha 
dicrater  effect  and  tha  failure 
dlcriotar*  The  ourvos  of  datcoe» 
tica  Tolooity  as  e function  of~ 
tho  dlamator  i.’ardf  for  Hitroae- 
t!^9  lif^tlj  confined  in  ^aasii 
eoccntiolly  otroight  linos  out 
to  failure  dlasioter* 

Vhoa  dotonatlon  fail- 
ure occurs  in  liquid  oxploairas  and  oinglo  orTOtalOf  tha  failure  pro- 
cess begins  abruptly  at  tha  periphery  of  tha  dotozntion  wave  and 
spreads  Invard  to  engulf  uhe  entire  vara*  For  glass  eonfinacent  above 

failure  dituLotert  scnll  failTuros  vara  shoim 
to  occur  at  tho  vails  vi-Qi  high  fraquenoyi 
but  each  of  those  porclotod  for  only  a 
brief  tiaa* 

For  oxplcsivos  In  the  form  of 
liquids  and  single  oryataloy  thin  oatal 
foils  were  eho-jn  to  be  offuotivo  in  sup* 
prossing  failuroo  end  in  roduolng  tha  fail- 
ure diainator  cubstontially,  Tbo  density 
and  tha  thioknass  ^ure  of  importance  in  da- 
tarsrdning  tha  confining  affect  exerted  by  a 
foil. 

Laatlyy  work  on  the  growth  and 
fabrication  of  largo  oryatala  of  Tarlous 
axploslvos  was  reported.  Crystals  of  PE7H 
wore  tested  with  rifle  btiUets  and  found 
to  be  relatively  Inaeusltivo  when  conpared  to  powdered  PETN,  Incoaw 
plete  experimental  work  on  measuring  detonation  voloelties  in  single 
crystals  was  described  to  show  that  detonation  will  propagate  under 
the  conditions  prevailing  in  these  crystals. 


Fig.  26,  Single  crystal 
of  FETN  showing  failures. 
Tlaa  increases  to  tha 
right. 
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PARTICLE  SIZE  EFFECTS  IN  ONE-  AND  TWO-COKPOBNT  ETaOSITES  23 

M,  E.  A»  W«  Canpb«ll  and  C*  V,  Kauts 

Loa  Alemoa  Sclentlfio  Laboratory 
Los  Alaaosi  New  Ksxieo 


INTRODUCnOH 


Tho  subject  of  portiole  aiza  affeota  la  an  ixqportaixti  ona  1ft  . 
many  military  and  oosnoerelal  explosives*  With  tba  exception  of 
explosives  and  tbe  blasting  gelatinai  every  explosive  In  commpn  nsa  Is 
composed  of  material  vhoae  state  of  subdivision  has  a bearing  on  its 
detonation  properties*  Froaa  a prsotloal  vlevpolnt«  thoni . pe^tlole 
size  effects  warrant  attention* 

Aside  from  practical  oonslderatlont  It  appears  that  those 
theories  which  do  not  inquire  into  nna  details  of  the  reaction  kine- 
tloSf  e.g.,  early  diameter  effect  theories,  do  not  correctly  predict, 
the  behavior  of  at  least  some  heterogeneous  explosives  at  finite  dia/- 
meters*  Further,  the  apparent  persistence  of  particle  size  effects  to 
infinite  diameter  opens  speculation  concerning  the  location  of  tbe 
Chapnian>Jougaet  siirface  under  infinite ■^dium  conditions*  It  seems, 
therafore,  that  a better  understanding  of  these  effects  will  require 
additional  theoretical  and  experimental  inquiry  into  reaction  zone 
structure  and  also  into  the* mechanism  of  detonation  propagation  under 
conditions  of  varying  particle  size  and  geometryj  reaction  rate  con- 
siderations have  been  Introduced  by  Kirkwood  and  Wood'^'  into  their 
theory  of  the  structure  of  a plane  detonation  wave,  and  this  theory 
does  indeed  offer  possible  explanations  for  certain  of  the  observed 
infinite  diameter  effects,  as  will  be  seen  later  in  the  paper. 

The  Importance  of  particle  size  effects  in  one-componept  ex- 
plosives has  been  well-demonstrated  by  various  workers*  KacDougall, 
Martin,  Boggs  and  Maas6-rly^2)  jjava  shown  .that  in  low  density  ammonium 
picrate  charges  tho  addition  of  a small  percentage  of  coarse  material 
to  fine  particles  markedly  lowers  the  detonation  velocity  (all  charges 
corrected  to  the  same  density).  Mora  sxirprisingly,  in  their  experi- 
ments the  addition  of  a small  amount  of  fine  material  to  coarse  parti- 
cles also  lowers  the  velocity,  while  mixtiu’es  in  the  vicinity  of  70 f 
coarse,  30^  fine  (under  their  conditions  of  particle  size,  charge  dia- 
meter and  confinement),  could  not  be  detonated.  Explanations  for  this 
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bah&vlar  have  Been  offBred  hy  Gaiaow^^^  In.  tanas  of  auabers  of  load-^ 
haarlxKp  oontact  pointst.  but  tho  affect  is  atill-ttot  ees^iletaly  usdaxw 

Jones  BoaS  KlteheZl^^^  have  shown  that,  vithia  eertaiiv  partis 


ele  size  ranges f lov-order  datoxiatlon  is  possible  in  low  density  TMT* 
charges  and  In  charges. 

Tranter '5;  and  others  have  shown  that  particle  size  effects 
are  also  ijsportant  in  high  density,  cast  explosives.  In  their  experi- 
a^ts,  they  dwnonstrate  a narked  effect  of  tha  rata  of  coolinf^  of  oast 
TMT  charges  on-  tbs  detoeatdoB  velooltyw 

Although  the  above  is  far  fi^  being  a conpleta  survey  of 
the  particle  size  effect  literature,  it  indicates  that  in  the  past 
such  attention  has  been  devoted  to  ona*^omponent  systems,  and  under- 
standably so,  since  these  ere  already  sufficiently  conplexe  iTeverths-' 
less,  there  are  many  two-component  heterogeneous  explosives  in  use  in 
which  particle  size  effects  appear  to  be  important,  in  a manner  per- 
haps different  from  the  case  of  one-component  systems,  and  this  paper 
is  primarily  conoemed  with  a discussion  of  such  tvo-oos^nent  sys- 


tems* 


The  work  described  here  has  been  done  principally  with  Com- 
position a oast  explosive  containing  approximately  60$  RDZ  and  40$ 
TNT,  In  tha~  oaating  of  this  material,  the  temperature  is  raised  s^— 
fioiently  to  melt  the  TNT,  the  RDZ  is  then  added,  snd  the  TNT  is  al- 
lo\red  to  slowly  solidify  to  form  a oontinuous  matrix  in  which  the  RDZ 
particles  are  embedded,  thider  these  casting  conditions  there  is  some 
solubility  of  RDZ  in  TNT  (4  to  8$  by  weight),  the  dissolved  RDZ  pre- 
cipitating as  the  TNT  solidifies.  The  size  of  these  precipitated  RDZ 
particles  is  not  known  and  prohal^y  varies  with  casting  oonditlous. 

The  reasons  for  the  choice  of  Canposition  B for  this  work 
can  be  stated  brleflyt  Composition  B is  a relatively  inexpensive  and 
available  material  of  intermediate  sensitivity  and  hi^  energy.  It  is 
characterized  by  a short  reaction  zone  length  and  an  aocon^panylng  con- 
venient range  of  working  diameters.  The  failure  diameter  is  approxi- 
mately 1/6%  and  sticks  1 1/2"  in  dlaxoater  have  a detonation  v^ooity 
which  is  lover  than  infinite  medium  velocity  by  about  40  m/seo.  Per- 
haps most  important,  it  is  a high  density  explosive,  reodlly  machin- 
able to  tolerances  of  O.OQl'*, 

Along  with  other  two-component  cast  explosives,  charges  of 
Composition  B have  the  disadvantage  of  particle  size,  density  and  coio- 
posltlon  segregation.  These  are  compensated  for,  to  some  extent,  by 
well -developed  sampling  and  analytical  techniques.  Composition  B also 
contains  a variable  amount  of  wax  and  other  additives  (l  to  1,5$),  and 
for  precise  work  these  must  b®  quantitatively  determined. 

The  paper  will  be  divided  into  two  parts|  Sections  I - III 
will  be  concerned  with  particlo-size  effects  at  finite  diameter  and 
IV  - V with  particle-size  effects  at  infinite  diameter. 


EXPERIMENTAL  I 


The  detonation  velocity  of  a species  of  Compositloa  B,  which 
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vlll  bo  called  T^po  I»  waa  doterBlRed  ao  a ftmction  of  diameter,  tbo 
general  technique  of  charge  assembly  la  discussed  in  another  peper^®^*. 
so  that  <»ily  the  more  important  details  need  be  giyen  here.  The 
charges  were  asaaiabled  vertically  with  0,0002”  alim'tynTTB  lonl?atlon 
folls^  inserted  between,  stioka,  Oueo^  cement  was  used  to  keep  tiie  stletir 
in  place ) and  care  was  taken  iit  the  procesa  to  avoid  intro« 

ducing  any  glue  between  the  joints.  In  each  oasso  before  velocity 
measurements  were  taken,  the  detonation  wave  ran  at  least  four  charge 
diameters  In  a section  of  the  booster  which  was  ths  same  diameter  aa 
the  rate  stick.  The  rate  sticks  wars  oach  approximately  2”  long,- 
Plate  1 shows  a typical,  chargjs  aaaasshl^^ 

The  charges  fired  were 

— r^f  .1 . — — ■«  types*  thoso  ' icluding 

I I only  one  rate  stick  sjctlon  and 

: ? ! those  including  three  rata  stick 

i>  ' sections.  The  velocities  obtain- 

ed in  a three-rate-stiok  charge 
era  doslgnatod  in  Table  beloWf 
\ i as  A,  B and  C, 

■-'4  casting  from  which 

> 1 I these  ebeo^gos  were  obtained  h^ 

II  I [ boon  camplod  and  analyzed  througb- 

I for  composition  and  density* 

1 [ j 'i  It  was  therefore  possible  to  cc**-* 

' ' I ( . rcot  the  velocity  of  each  rate 

1 f stick  to  a common  composition  and 

i I 1 I density,  63. 00^  RDI  and  1.700 

: ’ [ ! g/cc.  The  correction  factors 

;;  I i used  were  +32  n/sQO  for  +0,01  den- 

r'  ' slty  unit  end  +13.4  n/soo  for 

\ \ ■ +1,C0^  RDX,  Those  nuiDbers  have 

V ' been  obtained  ftoa  other  exporl*- 

nonts,  Involving  pressings  and 
castings,  .In  which  the  density 
^ J and  ponposltloa  wore  varied  sopa- 
rafaiy. 


Plate  1,  Composition  _ Chai'ge 
Assembly 


DISCUSSION  I 


The  data  given  In  Table 

1 are  shown  plotted  in  Figure  1, ^ A plot  of  detonation  velocity  versus 
the  reciprocal  of  charge  radius  (hereafter  referred  to  as  D versus 
x/H)  is  a significant  one  for  comparison  ;dth  theory. 

According  to  the  general  diomctc'r  effect  theory  developed  by 
Eyrlng  et,  which  includes  certs.in  spaclfio  aasuinptions  to  ex- 

tend the  theory  to  the  -onge  of  small  radii  of  curvature,  the  D versus 
l/R  plot  for  values  of  a/R  from  0 to  0,5  should  be  vary  similar  to  a 
straight  line  of  the  form* 


I i 
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charge  radiaet 


It  is  clear  from  Figure  1 that  thlo  equation  does  not  re- 
present the  experimental  data  over  the  entire  range  covered*  althovi^ 

at  diameters  above  0«2S'^  a straight 
line  fits  the  data  well*  Below 
•““f f [ I f > 0,25"*  the  detonation  v^ooity 


£t*oo 


- »«oo  falls  markedly  with  decreasing 

1 Ttoo charge  diameter*  the  slope  reach- 

2 ^ ^ value  as  high  as  50  m/seo  ve- 

I locity  decrease  per  0,001®  diameter' 

£t*oo  decrease.  The  E^ing  theory  as 

2 \ given  in  (7)  does  indeed  predict 

£ 7400 — that  the  D versus  1/R  plot  will  de- 

^ lioc  \ viate  from  a straight  line  at  val- 

>:  \ ues  of  a/R  above  0,54  It  is 

g T thought*  however*  that  in  the  ex- 

i i perlmantal  data  presented  a/lR  is 

* 7000 IL  below  0, 5»  Further,  the  deviations 

f*  ^ from  a straight  line  that  va  6b-' 

I serve  at  small  diaaetors  are  in  th» 

g " opposite  direction  to  those  pre- 

1^  t dieted  by  the  theory, 

^ If  the  Eyrlng  theory  is 

d-fc«”*7  applied  to  the  section  of  this 

" graph  above  0,25"  one  obtains  a 

value  of  0.2  mm  for  the  reaction 
Fig,  1,  Detonation  velocity  zone  length, 

versus  reciprocal  of  charge  An  extension  to  this  dia- 

radlus,  Typo  1 Composition  B,  mater  effect  theory  has  been  pro- 
posed by  Parlln*  Thome  and 

Robinson'®'  which  givos  somewhat  different  conclusions.  This  exten- 
sion still  does  not  allow  for  the  sharp  drop  in  velocity  at  the  amall^ 
er  diameters,  but,  in  general,  is  more  successful  in  predicting  the 
overall  ahapo  of  the  D versu;'  l/R  plot. 

To  compare  the  dliu  iter  effect  theory  of  Jones  w)  vdth  the 
experimental  data,  a more  complicated  procedure  is  necessary.  From 
the  Jones  theory  ono  obtains  thf  equa^onst 


t I 


Fig,  1,  Detonation  velocity 
versus  reciprocal  of  charge 
radius,  Typo  1 Composition  B 
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a/R  » €>.91^  ela  & > V4X 

I ooa  ifZ^  a 

v!ker*^  !>  ■ tha  detonation  Yoloclty  at  obargo 
radlna  R« 

D^  « the  detonation  velocity  at  Infinite 
charge  Tejiixt9r 

a « the  reaction  zone  length  (aasinaed  coxi- 
stent  as  the  radius  Is  varied) 9 

r " the  relative  expansion  of  the  stream 
tube  at  a distance  equal  to  the  length 
of  the  reaction  soaer 

. (90  - 0)  • the  angle  between  two  lines  drawn  from. 

the  Inner  Moyer  streexolinet  a reaotlon 
zone  length  behind  the  edge  of  unreaot^ 
ed  explosive,  one  parall^  to  th» 
charge  axis,  and  the  other  drawn  to  tha. 
outer  edge  of  the  unreaoted  explosive, 

Q is  a constant,  taken  to  be  2«0  for  many 
oast  explosives* 

To  obtain  D/DL  for  values  of  a/R  smaller  than  those  calcu- 
lated by  Jones  (so  as  to  be  In  our  working  range),  tha  foUoulng  was 
donet  on  assvaned  value  of  a/R  was  placed  In  equation  (4),  and  tha  e- 
quatlon  solved  for  G{  this  value  of  6 was  placed  In  equation  (3}» 
which  was  solved  for  the  value  of  r.  This  value  of  f was  then  placed 
In  equation  (2),  and  the  process  was  repeated  for  each  value  of  bl/K^. 
The  results  are  glvei  below  in  Table  2, 

Jones  Nozzle  Theory  for  Unconfined  Explosives 


1 ( 


1.0003 

l.OQU 

l.OOU 

1,0120 

1,0245 

1.0418 

1.0626 

1.0869 

1.1192 


D/Di 

0.9987 

0.9956 

0.9827 

0.9545 

0.9116 

0.8587 

0.8032 

0.7474 

0,6840 


Ma,Ttii»  Civapball»  Kdgt» 

TJiW*  Zf  V obtain  a plot  of  D/Dl  versua  a/ft^  accorrI£i» 
to_  tha  by  taking  tha  experimentally  extrapolated: 

^xie  of  M (7895  Vs®«)i  we  can  ]^ot  our  experimental  data  In  the 
fora  of  versoa  1/R  aa  shown  la  Figure  2,  If  we  then  ta)ce  one 

Talue  of  D/^  on  thle  eso* 

perlaental  curve,  ve  ob- 

aMo tain  a coirespondlng 

value  of  1/R,  If  ve  take 

oj4a the  sans  value  of  D/Dl  on 

'S?  ® plot  of  tha  d&ta  of 

lahle  2«  shown  as  a.  aeXfeft. 

curve  in  Figure  3,  we  ol>- 

A — tain  a corresponding  val- 

A oF  a^,  thus  leading 

T~  ^ * value  of  & for  this 

I value  of  D^,  Next, 

I ks  ( ~n  i i taking  another  value  of 

repeating  ttile 
process,  another  oorre> 
spondlng  value  of  a le 

Pig.  2.  Esperlaental  veloolty/lnflnlta  obtained,  and  so  tm. 

medium  velocity  varaua  reciprocal  of  Since  tha  Jones  theory 

charge  radius*  * l^rpe  1 Composition  B»  postulates  a constant. 

. value  of  a,  tbia  proce>« 

d^  la  a test  for  tha  applicability  of  the  theory*  Using  this  method 
of  comparison,  the  results  obtained  were* 

2^  a . (in  mm) 

0.990  1,79 

0*970  1.20 

0.950  1,.09 

0.930  ^ 1^03 

0,910  1,13 

0.890  1,19 

0.870  1.24 

0.850  1.31 


1.79 

1.20 

1*09 

1«03 

1.13 

1.19 

1.24 

1.31 


Ihe  value  of  a 
obtained  here  is  greater 
by  a factor  of  5 or  10 
D B.I  01  01  0.4  Qi  0,  ^ ■ than  the  value  obtained 

by  applying  the  Eyring 
theory  at  the  larger  dla- 

Flg»  3,  Experimental  and  theoretical  meters* 

plots  according  to  the  Jones  theory.  Next,  assuming 

respectively  v^ues  of  a 
1.0  mm,  1,*  mm,  1,4  mm,  a plot  of  the  experimental  data  in  the  form 
of  D,/Di  versus  a/R  is  obtained.  These  are  shovm  as  tha  dotted  curves 
tn  Fig,  3. 

It  appears  that  the  Jones  theory  at  least  predicts  the  gen- 
eral shape  of  tha  experimental  cu2‘ve,  although  the  agreement  Is  not 
exact  over  the  entire  experimental  range. 


Fig,  3,  Experimental  and  theoretical 
plots  according  to  the  Jones  theory. 
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EX7ER1KE1ITAL  IZ 


Havias  eatafeiiahed  a yafaraaoa  curva  far  a particular  typ» 
of  Coeqpoaitlon  B,  l«a,,  a partiaulap  RDT  partiola  siza  dl8trlbtttloa» 
the  next  point  of  latareat  la  the  affect  of  a change  in  the  partiola 
slaa  on  the  D vs  1/R  relationship.  In  Type  1 Cotaposltion  B(  80^  of 
the  RDl  pariielaa  vara  less  than  400  sderons  and  20S(  vara  400  sdorona 


or  graatar.  The  first  alteration  Introduced  vas  an  izieraaaa  In  the 
BDZ^  partita  siaat.  a.  b.  eaating  vaa  prepared  using. 

oal  grain  RBZ  of  particle  sizes  ranging  fron  20  to  35  mesh  C33J  ad*- 
crons  to  417  microns).  Since  this  RDX  of  large  particle  size  had  a 
tendency  to  segregate  in  the  bottom  of  the  malt*  It  vas  necessary  to 
add  the  RDX  when  the  TNT  was  quite  viscous.  This  resulted  In  the  en- 
trapping of  air  bubbles*  so  that  the  casti:^  was  not  as  free  from 
voids  an  vaa  the  Typo  1 easting. 

The  casting  vaa  sectioned  Into  five  slabs*  ths  top*  botton 
and  canter  sactlons  being  used  for  analyses  and  the  two  remaining  sec- 
tions for  the  exparlmantal  work. 

The  chargst  asaesibly  technique  was  the  same  as  that  described 
In  connection  with  T^rpa  1 Composition  B.  The  experimental  reaolta  are 
given  In  Table  3*  in  which  this  CoBqx>sitlon  B of  large  RDX  partida 
siza  Is  designate  as  Type  2.  The  velocities  havj  been  corrected  a- 
galn  to  63.CX)^  RDX  and  1.700  g/oo. 


DISCUSSION  II 


The  data  obtained  In  this  experiment  cure  neither  so  consis- 
tent nor  so  reliable  as  the  Type  1 data  because  of  the  lack  of  uni- 
formity of  the  casting  previously  discussed.  It  can  be  observed  In 
Table  3 that  two  sticks  of  the  same  diameter  cay  differ  In  velocity  by 
as  much  as  100  m/seo.  In  spite  of  this  Icurge  scatter  at  several  dia- 
meters* the  trend  remains  clear*  | 

The  experlmenteu  results  are  shown  in  Figure  4»  where  the 
circles  indicate  the  mean  of  the  velocities  obtained  at  each  diameter 
for  Typo  2 Composition  B.  Also  shown  in  the  same  figure  for  compari- 
son is  the  curve  ol^Iiainod  for  Type  1 Composition  B.  Tbo  curve  for  the 
Type  2 .material  la  ^ form  to  that  for  Type  1,  a relatively 

sti^ight  lino  aoction  at  tSe  om^-llor  values  of  1/R,  followed  by  a 
sharp  decrease  in  velocity  at  larger  1/R,  If  the  Eyrlng  theory  for  ' 

uncoafined  charges  (oo.ua tion  1)  is  applied  to  the  straight  lino  por-  j 

tio:^  of  the  Typo  2 irarvo,  one  obtains  a value  of  0,4  1-21  for  the  re—  ] 

action  zono  length*  compared  with  the  0,2  mm  cbtained  in  the  same  way  | 
for  Type  1, 

The  value  of  1/R  above  which  the  rapid  docreaso  in  velocity  I 

occurs  is  smaller  for  the  Type  2 material  than  for  the  Typo  1,  The  ] 

failure  diameter  cf  Type  2 Composition  B la  also  significantly  greater  | 
than  that  cf  Type  1. 
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?lg*  4*  Detonation  velocltj  ver- 
sus reciprocal  of  charge  radius, 
Types  1 and  2 Composition  6« 


Since  it  hae  been  shown 
that  in  Ccanposition  B variations  in 
the  HDX  particle  size  distribution, 
influenced  the  detonation  velocity 
at  flnita  diameters,  it  was 
Interesting  to  Inquire  Into  the  ef- 
fects of  variations  In  the  TNT  cry- 
stal size.  For  a preliminary  in- 
vestigation, the  sinjxLest  method  of 
introducing  variations  in  the  TNT 
crystal  size  is  by  preparing  sovei^- 
al  eastings  tdricb  differ  only  In 
cooling  tine* 

Two  cylindrical  castings 
were  prepared  using  Type  1 Coo^- 
position  B*  These  castings  vers 
12.**  in  diameter  and  20"  high*  One 
.of  these  castings,  designated 
"fast-cooled",  was  allowed  to  set- 
tle for  five  ho\irs  so  that  no  fur- 
ther settling  would  take  place  dur- 


i^  the  cooling  period,  and  then  cooled  using  circulating  water  at 
30"  C,  The  cooling  was  from  the  bottom  and  from  the  sides  half  way  up 
to  the  top*  The  top  section  was  Insulated  to  prevent  air-cooling*  It 
is  estimated  that  the  time  required  for  the  entix*e  easting  to  solidify 
was  5 to  6 hours* 

The  other  casting,  designated  "slow-coolod",  was  allowed  to 
settle  for  3 hours  and  then  cooled,  using  water  at  70"  C.  It  Is  es- 
timated that  the  total  cooling  time  for  this  casting  was  at  least 
twice  as  long  as  for  the  fast-cooled,  possibly  as  long  as  14  hours* 

The  bottom  section  of  each  charge  was  then  sectioned  into 
rectangular  pieces,  density  and  composition  analyses  spotted  throxigh 
the  sections,  and  the  remainder  used  for  rate  sticks* 

The  shots  were  assembled  and  fired,  using  the  sane  method 
described  in  connection  with  Type  1 Composition  B,  Each  shot  consist- 
ed of  a booster,  machined  to  the  same  diameter  as  the  rate  sticks,  and 
two  rate  sticks.  The  booster  section  had  a minimum  length  of  five 
charge  diametera* 

In  Tables  4 and  5»  the  detonation  velocities  for  each  of  the 
two  rate  sticks  in  each  charge  are  given.  The  velocity  of  the  lower 
rate  stick  is  given  first  in  each  case.  The  velocities  have  been  cor- 
rected to  69.00/6  RDX  and  1,700  g/cc. 

Type  3 is  the  fast-cooled  Composition  B,  and  Type  4 is  the 
slow-cooled* 
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DisctJssioN^  m 


Tha  experlioentaZ  data  ara  shown  plattai  in  Pigora  5»  agalji 
a«  D vs  1/R.  As  la  anticipated  with  any  preliminary  casting  la  which 

unusual  requirements  of  particle  slsa 

^8000,  1 — — 1 or  cooling  procedr-e  are  imposed*  the 

§ points  at  any  one  diameter  and  among 

Stms the  savaxel  diameters  shov  a cextais 

^ lack  of  uniformity. 

gTioo It  can  be  seen  in  Figure  5 

j*  l^\  that  at  svsry  diameter  fired*  the  fast- 

pTToe— cooled  material  has  a hlghar  Telocity 

It  ' \ than  the  slow-cooled*  so  that  there  is 

^T8o» — clearly  an  effect  of  cooling  rate  on 

5 detonation  velocity.  Also*  the  fiaet— 

3«oo ^ cooled  material  {on  the  basis  of  only  a 

> ly  few  shots)  has  a smaller  failure  dia>* 

§1*00 mater  than  the  slow-cooled.  We  did  not 

^ have  enough  material  complete  the 

f curve  at  the  larger  dlanetersj  and*  In- 

J [ deed*  if  the  velocity  difference  be- 

, g 1 4 8 comes  smaller  at  larger  diameters  the 

^ ^ effect  might  have  been  masked  by  the  > 

" ’ lack  of  uniformity  of  the  caatinga. 

One  can  safely  Bay  that  there 
Fig*  5*  Detonation  velocity  is  an  effect  demonstrated  here*  but  the 
versus  reciprocal  of  charge  data  are  not  sufficiently  precise  (la 

radius.  Types  3 and  4 Ceos-  relation  to  the  extent  of  the  effect) 

position  to  speclfir*  for  example,  the  dependence 

• of  thd  velocity  difference  on  charge 


O *«i 
• «i* 
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t 4MU 
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r 

Fig,  5.  Detonation  velocity 
versus  reciprocal  of  charge 
radius*  Types  3 and  4 CoOf- 
position 


Monotor. 

In  addition  to  the  effect  of  cooling  time  on  TNT  crystal 
size,  there  is  also  the  4 to  8^  RDX  dissolved  in  the  TliT,  whose  final 
particle  size  very  likely  depends  on  the  cooling  time,  and  may  contri- 
bute to  the  effect  observed  here. 

In  apito  of  the  advantages  of  Composition  B discussed  before, 
this  experiment  clearly  indicates  the  need  for  a more  precise  method 
of  controlling  and  varying  the  RDX  and  TNT  particle  sizes  than  is  at- 
tainable in  a casting* 


EXPERIMENTAL  IV 


Although  in  Figure  4 the  curves  for  Type  1 and  Type  2 Com- 
■ position  B are  shown  extrapolated  to  the  same  infinite  diameter  velo- 
city (for  vrant  of  conclusive  evidence  indicating  otherwise),  the  data 
could  bo  so  interpreted  as  to  Indicate  that  Type  1 actixally  extrapo- 
lated to  a slightly  higher  velocity  than  Typo  2.  To  inquire  further 
into  this  point,  a diameter  effect  experiment  was  designed  to  determine 


kvVslvl.-vj 


MalliXt  Canpbelli  Mbcrts 


tto  infinite  diameter  detonation  velocitlee  of'  three  typea  of  Coae* 
poaitien  S with  sufficletrt  preoislon^  (in  teraa  of  the  esqpected  effeet) 
ta  draw  QMielualona, 

Our  prevloua  data,  indicated  that  if  we  fired  of  the  order  of 
ton  2**  long  rate  stlcka  at  each  dianeter»  the  average  deviation:  vo^d 
be  approximately  10  la/seot  vbich  was  thought  to  be  adequate.  The  die-' 
matera  selected  were  ©.SOO",  0.645'**  0.902",  1.500",  which  are  equally 
apaced  on  a reciprocal  radius  plot« 

Tha  data  previously  given  for  Composition  B,  as  described 
above,  bad  been  obtained  from  crtf okn  vhidr  ware  pZaeed  vertically  ox 
top  of  each  other  with  only  a thin  ring  of  cement  at  the  Joints  for 
rigidity.  Since  this  is  a slow  and  laborious  assembly  procedure*  ve 
decided  in  this  esq^rlment  to  use  a pair  of  thin  angle-iron  rails  and 
place  the  charge  horizontally  on  these  rails  (tha  rails  having  been 
ground  previously,  so  as  to  give  a minimum  of  contact),  using  Scotch 
tape  to  fasten  the  sticks  in  place.  Later  in  the  experiment*  the 
rails  were  replaced  with  the  V-not^  assembly  shown  in  Hate  2,  which 

can  be  more  economically  machined. 


Plato  2,  Improved  Composition  B 
Charge  Assembly. 


paper 


As  deacribed  In  another 
precautions  must  be 
taken  with  the  use  of  Scotch  tape 
to  avoid  Jettiiig  which  can  oauae 
premature  tripping  of  the  ionizai- 
tion  foils.  As  can  be  seen  in 
Plate  2*  the  tape  is  always  plac- 
ed posterior  to  a stick  Junction 
(where  the  foils  are  located), 
rover  Immsdiately  anterior. 

The  castings  used  %rere 
well  analyzed  throughout,  and 
they  were  of  uniformly  high  qual- 
ity. 

As  in  previous  experi- 
ments* a minimimi  of  four  charge 
diameters  was  allowed  for  booster 
run-up. 

The  three  species  of 
Composition  B Investigated  will 
bo  designated  respectively  as 
Type  5,  Type  6,  and  Type  7.  The 
results  from  a typical  charge  are 
given  in  Table  6.  The  velocities 
have  been  corrected  to  63.00^  RDX 
and  1.715  g/ce. 


i O 


L 


T^bl*  6 


t 

f 

i 

r 

; 

1 

i 

stick 

Huriber 

Type  5 CoBvositioa  B,  Bia 

Traaait 

Length  Tine 

(cm)  (microseeonua) 

■star  t 1.9M 

VaLMitv 

i . 

t 

“I 

2 

47798 

5.032 

67050 

6.362 

wr 

7909 

1 

\ ; 

i 

5J06£r 

6.396. 

7999. 

4 

5.077 

6.409 

7922 

5 

5.004 

6.303 

7939 

6 

5.047 

6.343 

7957 

7 

5.014 

6.325 

7987 

6 

4.973 

6.252 

795^ 

9 

4.902 

6.184 

7927 

10 

5.075 

6.405 

7923 

i 

11 

5.050 

6.354 

7947 

T»F 

7968 

TMT 


Standard  Deviation  = 
The  sumsiarlzed  results  are  given  in  Table  t lAaxm  the 
are  corrected  to  63.0055RDX  and  8/*C'» 
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Table  7 

Types  5,  6,  {,  Cooposltlon  B 


Type  3 Cogg>OBition  B 

ilean 

Corrected 
Velocity 
(a/sec) 
79^3  “ 
7928 
7902 
7881^ 


Stick 

Diaaeter 

(inches) 

■liSS 

0.902 

0.645 

0.500 


Euniber  of 
Observations 

~ — n — 


a 

8 

10 


standard 
Deviation 
^sec) 

[JTl 

aa 

9.6 

12.0 


VM 

H 


Type  6 CoBiposltion  B 

1.500  ■ 7970 
0.902  7941 
0.645  7917 
0.500  7890 


10 

10 

10 

9’ 


17.9 

14.7 

12.2 

17.8 


Type  7 Composition  B 

"17500“ 

0.902 

0.645 

0.561 

0.500 

0.250 


7936 

7918 

7904 

7874 

7854 

7620 


10 

10 

9 

11 

9 

8 


10.0 

6.7 

11.8 

10.6 

11.8 

6.0 


These  data  are  shown  plotted  in  Figure  6, 


3T3 


Halln»  Caj&pbslly-  Uftota. 


Wg.  OvtcuatloQ  vvlooit/ 
Ttrsuji  raolprooaiL  of  ohargo 
nidlufl.  Typoa  5»  6$  and  7 
Cotqx)8ltlon  B« 
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Typofl  5 and  6 Cojoposltlon  B 
differ  In  RDI  particla  aiza  aa  indl* 
oated  In  Figure  7.  Shown  In  this  bar 
diagram  ia  the  weight  pereanjL  of.  BOL 
88  a flmctlon  of  particle  afse* 
For  example,  3^  by  weight  of  the  RDX 
partldea  In  Type  5 Composition  B ore 
between  350  and  SOQ  microns  In  size. 
This  particle  siae  analysis  was  re- 
produolble  to  about  1,5J^ 

Least-Squared  lines  have 
been  obtained  for  the  Types  5 and  6 
data  and  are  given  belovi 

fypt  5 D - 7975.1  - 57.99  l/ft  Cs) 

6 D • BOOB.  6 - 75. AZ  l/R  (6^ 

where t D is  the  detonation 
velocity  in  m/aec^ 


l/R  Is  the  reciprocal  of 
charge  radius  ia  cm“*. 


The  fit  of  these  equations  to  the  experimental  data  ia  dis* 
played  in  TaUe  B,  ^ere  the  entries  show  the  sv^sec  difference  obtain- 
ed by  subtracting  the  experimental  point  from  the  calculated  point  at 
each  dlcmater. 


Table  ( 


Types  5 and  6 Composition  B 


Diameter  (inchesl 

0^ 

P.645 

0.500 

Type  5 

1.7 

-3.7 

2.1 

-0.2 

Typo  6 

•^.0 

1.6 

-0.7 

-0.1 

In  eqxiationa  (5)  and  (6)  the  infinite  medium  extrapolated 
velocity  is,  of  course,  the  constant  immediately  to  the  right  of  the 
equality  sign.  The  difference,  then,  in  the  infinite-medium  veloci- 
ties for  these  two  types  of  Ccmposltlon  B is  33  m/seo. 

An  estimate  of  the  95%  confidence  inteival  for  the  differ- 
ence between  the  two  infinito-madlum  extrapolations  13+15  m/sec. 
This  estimate  was  obtained  by  doubling  the  Interval  obtained  from  the 


fdlZovlng  equatloot^ 


- J»2  • A^  - A^  1 2 


Here,  and  ^2  are  the  trufr  extrapolations,  k-^  and  Aj  are 
the  experimental  extrapolations,  (Ti  and.  (^*2  ara  the  atandard  devia- 
tions of  the  two  sample  pcpolations,  and  H Is  the  number  of  observa- 
tions in  each  sample.  Since,  strictly  speaking,  this  equation  appllaa. 

to  sample  means  and  not  to  extrapo- 
2s  latlons,  the  result  ca^ctirato<f 

t 24  it  la  an  underestimate  of  the  width 

020  ^ of  the  confidence  interval.  It  is 

believed,  however,  tliat  doubling  the 
^12  fn  r --I  width  gives  a conservative  estimate, 

t 3 _ Referring  to  Figure  7,  it 

B 4^  ""I can  bo  oeen  that  the  Typo  5 material 

* Qlliil  1 r~n .■  Is  eharaoterlzed'by  a binodal  weight  , 

°RO?«»mS.E^ZE-M.c^s  distribution  of  RDX  particles  while 

the  Type  6 material  contains  essen- 
36  tlally  all  fine  particles.  It  la  not 

^ n ■ ,-r  _ yet  clear  in  detail  yhy  such,  a dlf— 

1 2a  -V  * forenoe  in  particle  sizes  should  lead 

024  to  a difference  In  infinite  medium 

® 20  velocities,  but  the  Kirkwood-Wood 

18  theory,  referred  to  before,  offers 

'2  the  following  interesting  possible 

S ® - explanation  for  this  type  of  behavior, 

^ ^ From  this  theory  one  ob- 

200  400  600  800  000  tslns  the  following  Important  gener- 
Fox  FwmojE  SJZE-MioiONS  alized  statement  of  the  Chapmanr- 

Jouguet  condition  for  the  ease  ot  a 
Fig,  7,  RDX  particle  size  plane  detonation  waves 
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Fig,  7,  RDX  particle  size 
an^ysis,  Types  5 (u>d  6 
Composition  B, 

D 


■ XX  4 


£ 5 r 

w 


where*  D ° detonation  velocity, 
u = mass  motion  velocity, 

Cq  ■ sound  speed  with  the  composi- 
tion frozen  at  the  values 
characteristic  of  the  end  of 
the  steady  state  region, 


SL^,  where  J indicates  a parti- 
cular  chemical  reaction, 


is  m progrnBB  rtoFi^  Indieatiac. 
te.  «zt«at  of  c pcrtieultr  rMe- 
tita?  j> 


•pttoifie  internal  anaror  (•»  d 
finad  that  for  an  andothai^o 
raaotlen  / »f  \ ^ ^ 


T • ipaoifiA  tqlwia». 


/»») 

(■»Tl 


t i»a»»  tha  froMn  baat 


oapaoitj* 


If  ena  nov  thinks  of  tha  condition  for  tha  Chapaan-Jongoat 
aurfaoa  at  infinite  dluBster  for  a tvo-oooponent  axploslva  as  baing 
that  glTan  hj  aqnatloo  (9)i  nanalxt 


f'rT  (fV**  -- + ff**"**®  (10) 

vfaara»  It  2t  •••  a Indloata  apadfio  obaaioal  ra» 
actions  postolatad  as  ooonrrlng  in  tha  re- 
action sons  and  tha  noxsal  Chapoan-Joagoat 
condition  occurs  vhan  rJ  ■ Ot  J ■ It 
2t  n*  (i«a»t  tha  point  of  ohamioal 
a<iuiiibriuB)t 


than  this  oonditioot  oontrazy  to  tha  diassater  affect  theorlaa  of  Jonas 
and  Eyrlngt  doas  allov  for  tha  pos8ibillt7  of  particle  aisa  affects 
parsiatina  to  infinite  diajnatar*  For  exanpla^  Kirkwood  and  Wood  (and 
also  0.  B.  Xistiakovsky  in  a qualitatira  plausibility  argument)  have 
suggested  that  the  nornal  axothamio  reaction  might  be  followed  by  an 
endotharBlo  one.  In  such  a case  tha  dT  for  that  reaction  would  bacona 
nagatlTa  and  tha  r^*s  night  not  be  saro  at  the  Chapaan>Jouguat  sur- 
face. Zf  one  further  postulates  that  in  at  least  one  of  tha  a raao- 
tions  above  tha  rata  is  dependent  upon  tha  Initial  state  of  subdi- 
vlsiaa  of  at  least  one  of  tha  explosive  oonponentSf  then  a diffaranca 
in  IttflBite  diaaater  velocities  would  be  expected  for  two  such  ajgplo- 
sivas  differing  only  in  particle  sise.  The  important  point  here  is 
that  Equati^i  (10)  shows  that  the  location  of  the  C-J  sui'faca  can  be 
influenoad  by  tha  rates  of  reaction!  eveu  at  infinite  diameter. 


Canqphffll»:  MnttSr 


Althea^  a^ov*  la  oTfarad  aa  a possible  esqplamtticnt^ 
tteM  is  no  evidexMsa  tinct  sastt  is  the  caso.  FHirther  oonoluslona  Buat^ 
await  detailed  calonlattona  involvlxits^  reaction  neebanisms  and  reaotioa 
rates  for  the  partieolsr  explosives  and  these  will,  be  aade  difficult 
tbs  lack  of  sufficient  teta* 

ConaideriBg  next  Type  7 Caffipositioa  B,  pertlole-aixe  axudy- 
sOe  of  the  type  shown  in  Figure  7 indicate  no  detectable  difference 
between  Types  6 and  7 Caa^nsitlon  B,  in  spit^  of  the  40  av^eo  differ- 
ence in  infinite  disaster  velocity  indicated  by  the  data  in  Fi^ire  6* 
Also  ije^  the  plot  in.  li^isa  d.ia  the  fact  that  the  T 

Compoaition  B matarisl  shows  eurvatafe  at  diaaieters  above  IfZ"^  axZffeb 
the  Types  5 and  6 naterlala*. 

As  a possible  explanation  of  the  different  infinite  diameter 
velocities  of  Types  6 and  7 Gcaposition  B»  ve  inquired  in  detail  into 
the  nature  of  the  small  amounts  of  additives  in  the  eastings.  The 
data  are  given  below  in  Table  9* 

Table  9 


Chesdcal  Analysis  of  Types  5»  and  7 Compoaition  B 


Tree  5 

TJ2S^ 

SrgLl 

TNT 

33.87JI 

35.82$ 

33.79$ 

RDZ 

64.87$  . 

62.89$ 

64.79$ 

Wax 

0.96$ 

0.99$ 

0.92$ 

Caatdnff  Additive  1 

0,30$ 

0.30$ 

Casting  Additive  2 

0.50$ 

In  the  above  tabloy  the  RDZ  and  wax  were  determined  directly 

and  the  remaining  components  obtained  either  from  a Imovledge  of  cast- 
ing additives  or  by  subtraction.  These  analytical  results  are  preclso 
to  about  0.1^  in  saoh  case. 

Beats  of  combustion  were  also  experimentally  measured  for 
these  three  types  of  Composition  B,  and  the  agreement  on  the  basis  of 
ocmpoaltions  indicated  by  TaU.e  9 is  within  the  combined  experlnantal 
oalortmetrlo  and  analytical  errors. 

Considering  ^^pes  5 and  6 Composition  By  Table  9 indicates 
that  the  additives  to  each  are  almost  identical.  (The  difference  in 
TNT  and  RDX  composition  is  corrected  in  Table  7.) 

Considering  Types  6 and  7y  the  two  types  which  have  similar 
RDZ  parti  sle  sizes  and  yet  an  infinite  diameter  detonation  velocity 
difference  of  40  m/secy  it  can  be  seen  in  Table  9 that  the  additives 
are  somewhat  different.  Howevery  a detonation  velocity  oalcu3.atlon 
made  according  to  the  Klstiakowsky-Wilson  equation  of  state  indicated 
that  these  differonces  in  additives  oould  amount  to  no  more  than  2-3 
m/seo  difference  in  velocities. 

On  the  bases  of  chemlceLl  analysis  for  additives  y heats  of 
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Ki£tBr' Cuqpballf  bate 


oonbostlon  do%oiift1iicsi  Toloci^y-  ca^ cui a ttoTUiy  It  la  fal't  that  tha 
differaoea  In  lBf^&>£ta~  atadissk  valocity  la  not  dao  ta  the  effect#  of 
adHtl^a  hot  la  aetnaHy  a reflt£Lt  of  partlcla^^alga  effact#  poralatlnf 
tc  iafl)d.ta  dia»atar» 

CesaidarlBg'  Type#  6 and  7f  tfaara  van#  dlffwi-eace#  SA  tha 
oavtiiag^^  pvooadurea  tiaedf  Involving  different  settling  tines  and  a dif- 
ferent aoeUng  praoednre»  but  these  dlfferenoea  do  not  enable  one  to- 
predlot  tha  final  effect  on  tha  TNT  crystal  size*  Here  again  tha  dlf— 
fioultlea  Involvad  In  tha  uaa  of  east  ex^oalves  become  evident* 

Xt  nay  be  that  tha  vary  °**''*^^  particles^  thnia 

the  ardar  oyalorons  are  of  aooe  l29>ortanoe»  Since  tha  partlde-aiaa 
anal^es  ahoim  In  Figure  7 only  go  down,  to  JUi  Blerona^  a difference 
between  Ij'pea  6 and  7 Costtpoaltlon  B may  exlat  without  having  been 

IheM  difflcultlea  which  occur  with  the  use  of  cast  explo- 
aivea  have  led  ns  to  saaroh  for  a two-ooaaponent  explosive  In  whloh  tha 
partlola  alaa  of  each  component  can  be  varlad  more  systematically  and 
precisely.  Ihresslng  teohdques  have  been  developed  to  the  point  where 
it  Is  posalbla  to  produce  charges  idilcb  are  lower  than  crystal  density 
by  only  1 or  2f,  theroby  retaining  the  machlnablllty  and  other  advan- 
tages of  density  material*  The  use  of  pressed  material  for  exp- 
perimanta  investigating  i>artlole  size  sffeota  in  two-component  systems, 
introduces  additional  problema  Involving  segregation  of  particles  and 
alteration  of  paztlcle  alzoa  during  pressing.  Keverthelessf  at  the 
aonantt  this  seems  tha  moat  iVultful  method  for  further  Investigations* 


EXmiKEHTAL  7 


,•  *»  ■*.  3 


« 4 « *J 


f i 


Another  interesting  ease  of  particle-size  ypf foots  persisting 
to  infinite  diameter  baa  been  demonstrated.  Bagley'  ' Investigated 
the  relation  between  detonation  velocity  and  charge  diameter  for 
ferent  sieve  outs  of  epherlcal-graln  RDX»  at  a density  of  1.200  g/eo* 
The  separate  outs  used  varei  1190  to  B40  microns  j S40  to  710  mloronat 
710  to  590  adcrons,  500  to  350  microns.  The  Ltralght  line  relation- 
ships obtained  (on  a D versus  1^  plot)  for  each  of  these  outs  all  ex- 
trapolated to  a detonation  velocity  of  6B50  sv^sec  at  infinite  dla- 
met^t  density  1.200  g/ce* 

TTi*f«utr\ll)  established  the  D versus  2./^  relationship  for  a 
sla^e  type  of  RDX,  considerably  finer  than  the  above.  This  RDX  was 
ball-milled  and  varied  in  size  from  5 to  40  microns.  The  infinite 
diameter  velocity  at  a density  of  1.200  g/oc  obtained  from  an  extra- 
polation of  this  relationship,  la  approximately  100  m/aeo  below  thi 
value  obtained  by  Bagley  In  his  experiments. 

This  difference  in  infinite  diameter  velocities  of  100  ra/aeo 
is  thought  to  be  considerably  larger  than  the  combined  experimental 
errors,  so  that  here  again,  particlo-slzo  effects  exist  at  infinite 
diameter.  Xt  is  thought,  however,  that  the  effect  here  is  of  a dif- 
ferent natuz^  from  that  previously  obsei^ved  in  Composition  B. 

An  experiment  which  may  shed  some  light  on  the  situation  la. 


-vis-: 


th»  1l£)K  eacperiasntg  ba»  boeit  <Iob9-  ttsins  of  Cosapositiott  Bv 

Spheres  of  tva  sta^  uore  t»ed»  disoetere.  The  spherfis  ; 

were  jirepeqred:  trcm  rough-saved  cubes. hjr  means  of  a devlee  vhioh  abrade  : 
ad.  OOEXMTS  off  euhaa  in  a loasnar*  Thii  davloa  oonaia^ ' 

ed  of  a hQUoir  cone,  attached  with  its  apaat  dovsvard  to  the  shaft  of 
aaalaotrleal  motor,  rotating  inside  a 8tati(n}ar7»  vartioal^  bolloir 
cn^lnder.  Both  cone  and  cylinder  vers  lined  with  a coarse  abraslee 
oloth,^  so  that  cubes  of  exj^oslve  placed  in  the  rotating  coae  vera 
thrown  vidZantly  and  randc^y'  aboat^  firom  the  cone  to  the  oyT tni^s  ea&  j 
haoXr,  being  qufdffy"  redheed  to-  neair  spheres.  This  operation  vas  earvi  . 
ried  on  outdoors  with  a large  centrifugal  blower  continually  removing  ] 
the  dust.  Plate  3 shows  saaples  of  both  sizes  of  spheres.  ] 

Three  shots  were  fired  . 
which  ^dlI  be  dlscoesed  in  the  ’ 
following  orderi 

Shot  Bo.  1 eoaslsted 
of  5/8”  spheres  fired  la  sa  oo* 
tagonal  wooden  tube  36”  long  aad 
7-1/2"  In  diameter  (across 
flats }.  Ionisation  pins  were 
sopported  by  four  1/^  birass 
rods  spaced  at  10*  intarvale^ 
beginning  4*  from  the  booster 
end.  Each  rod  was  drilled  with 
four  holes  1”  apart,  vhioh  car- 
ried the  pin  vires.  Plate  4 
shows  this  charge  asseohled* 

Shot  No.  2 consisted 
of  a single  row  of  5/6"  upheros 
held  direotly  one  above  tiia 
Plate  3.  Composition  B Spheres  other  in  a paper  tube. 

Diameters  Approxinatoly  1/4'*  and  Shot  No.  3 oonaisted 

5/B*.  of  1/4*  spheres  in  a tube  24* 

long  and  in  dlamater 

(across  flats).  The  ionisation  pins  consisted  of  0.040*  o.d.  hype^ 
dersdo  tubing  inserted  4"  apart,  starting  4**  from  the  bottom,  with  a 
oosbioon  ground  wire  running  the  lenpth  of  the  charge. 
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The  overall  density  of  Shot  No.  1 was  1.0  g/cc.  Ita  dat>> 
nation  velocity  was  7050  1 100  m/sec.  According  to  the  usual  ideas 
about  the  dependence  of  detonation  rate  on  charge  density  mentioned  in 
Experlzaontal  I,  an  Infinite  dlametei-  Composition  B stick  of  density 
1.0  g/oo  should  detonate  at  about  5600  m/seo.  It  is  thought  that  la 
Shot  No,  1 the  detonation  wave  traveled  at  a velocity  close  to  that 
characteristic  of  casting  density  from  contact  point  to  contact  point, 
with  perhaps  some  initiation  delay  at  each  Junction, 

Shot  No.  2 gave  a detonation  velocity  of  7520  t 31  s^eeo. 


MBlia,  mai^ 


This  sta^dcsd  slagl^rov  shot  thsx«fOr«t  gav«  an  inoreaao  in  vaIoelt7 
STor  Shot  Ro«  1 of  470-  a/sw^-  This  appoara  to^  be  in  aooordaneo  vltii 


the  hypothesis  given  above  since 
tb^re  ar«s  faver  contact  points 
a&t  a sore  direct  path  Is  avalZr* 
able  when  the  balls  are  stacked 
as  In  Shot  No,  2y  oonpared  with.  . 
Shot  Ho,  1, 

Shot  No,  3 had  an  ovesw 
all  density  of  1.0  g/bc  and  detca- 
nated  at  a velooity  of  €020  ^ ICO 
i^aao.  In  this  shot  the  nuxdber 
ot  oontaot  points  per  unit  length 
Is  greater  than  In  Shot  No,  1 and 
it  also  seems  probable  that  the 
initiation  delay  at  each  contact 
point  increases  somewhat  as  the 
sphere  diameter  is  decreased. 

On  the  basis  of  our  pre-> 
sent  kxiowledgey  it  would  appear 
that  the  large  sphere  Composition 
B ahote  are  an  extreme  ease  of 
the  effect  mentioned  before*  It 
Is  nut  clear  \diethei*  Jetting  was 
important  in  the  large  RDZ  pasrtl- 
cle  shots  (as  it  mi^t  be  for  a 
sensitive  material)  or  whether 
the  detonation  prooeeded  In  a 
manner  aaalagous  to  that  postu- 
lated In  the  ease  of  the  Compo— 
aitloD  B spheres. 


SUMMABI 


Hate  4,  "Coaqposltion  B Spheres”  It  has  been  shown  in 

Charge-Assembled,  Discussions  I,  II,  and  III  that 

partlole-slze  effects  are  Impor- 
tant in  two-component  explosives  at  finite  diameters.  Variations  in 
the  RDZ  particle  sizes  in  Ccmposltion  B greatly  alter  the  shape  of  the 
0 vorsus  curve  and  also  the  failure  diameter  of  the  material,' 
Variations  In  the  cooling  pattern  of  the  casting,  through  a mechanism 
not  yet  completely  understood,  also  affect  the  detoxiatlon  properties 
of  Composition  B, 

It  has  been  shown  in  Dleoussion  IV  that  partlcle-slzo  ef- 
fects appear  to  lead  to  different  infinite  diameter  velocities  for 
materials  otherwide  chemically  similar,  A plausibility  argument,  in 
terms  of  the  Kirkwood-Wood  theox^.  Is  offered. 

It  has  been  shown  in  Discussion  V that  even  a'  infinite  dia- 
meter the  presence  of  large  crystals  in  low  density,  sensitive  explo- 
sives may  lead  to  velocities  greater  than  those  characterlstio  of  fine 


——■f  I ■Willi  1 

Kali»v  Cluqpli«lXr  Kb«l» 


v V cryatiitltn»  ja^Urfal^  Aa  l^ta  been  perforasd  uglng  largr 

apheres  of^  Bt.  najr  represent  an  extrene  ease  of  tbSM'  ^ 

effeots*  , . 

further  work  Is  pXSmied  on  these  fertieleniixe  effeetSt  I 

osiag  pressed  naterlaZa  which  nay  -effer^  greater- opportunl ties  for 
parttoie-alse  control  and  varlatlona  than  have  east  staterial*  i 
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CETOHATZON  VAVE  PRQKTS  IK  lEEAL  AMD  MQN-IIfiAL  nSTONATIOII 


KclTlft  A.  Cook 
Unlvorsitj  of  Ut«ii 
Salt  Lake  City^  Utah 


ABSfmef  : 

The  experioental  wave  ^ape  meaeureaents  for  a number  of 
ideal  and  non-ideal  exploaivee  in  cylindrical  chargee  at  various  charge 
lengths  L and  diameters  d are  sammarized.  These  results  show  the  fel« 
loMiaga 

(1)  The  wave  fronts  are  in  general  spherical* 

(2)  The  radius  of  curvature  R increases  at  first  directly  as  * 
L (R  • L),  but  at  a value  of  L between  0.5  d and  3*5  d depending  on  the 
explosive  it  suddenly  becomes  constant  at  a value  R.  which 

for  all  larger  values  of  L. 

(3)  The  steady  state  value  pf  wave  curvature  R,.  varies  wltH 
diameter  and  density  from  a mlnliaum  value  of  0.5  d at  the  critical  dia- 
meter to  a maximuia  value  never  exceeding  3<5  d - 4.0  d in  large  diame- 
tars. 

(4)  Values  of  Rg/d  less  than  3*5  - 4*0  appear  to  be  deter- 
mined simply  by  finite  reaction  zone  lengths.  The  aaariiwmi  value  of 
3*5  **  4.0  maintains  in  exploeivea  in  which  the  reaction  zone  length  is 
negligible  in  comparleon  with  the  charge  diameter* 

The  esqperimental  reralts  show  that  wave  curvature  is  x»t  as- 
sociated with  pressure  gradients  across  the  front  of  the  detonation 
wave.  Ineteadi  they  are  apparently  determined  sim]^  by  the  geometry' 
of  the  detonation  head  and  the  tendency  for  pressure  to  remain  substan- 
tially constcnt  in  the  detonation  head*  The  wave  shape  results  are  not 
only  explicable  in  terms  of  detonation  head  concepts  but  appear  to  pro- 
vide strong  evidence  for  this  theory. 
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Asida  from  the  airtraait»»  w>¥»  a&a])*-  8ii»^a»  eondoctad  in  this  ’ 
lidnratorj^  vexjr-  littlm  data  bava  baai^  piibXi^ad  caBcernlny  the  cfaarae^  i 
tariatifi  f aatoraa  of  tha  fronts  of  datohatiott  wavaa*  ^Ina  raaaoxt  fbr 
tha  porertoaa  lade  of^  information  on  wava  ahapa  was  tha  lack  of  auitabla  j 
methoda  for  aceurata  maasttpamant  of  wava  shape.  Developments  of 
speed  rotating  mlnvNr  oaaeras  which  have  taken  place  at  an  accelerated  i 
pace  during  tha  past  ten  years^  howeYar>.  have  placed  Into  availabilitor 
axnallant  preciaiaa  nabboda  for-%ea3tm.  ahapa  stadr-.  Ia  ^ita  of  tbm- 
availability  of  high  speed  cameras^  wava  ahapa  studies  are  still  beset  | 
with  vome  difficulties,  especially  as  a result  of  restrietioas  as  to  | 
total  diarga  sizs.  Restrictions  in  charge  size  are  particularly  trou-  j 
- blesome  in  studies  of  cast  and  pressed  explosives  of  small  reaction 
cone  length  a^  tdisra  the  difference  in  tlnM  of  arrival  of  the  wava 
front  at  tha  and  of  tha  charga  on  its  central  axis  and  at  tha  partphazy 
of  tha  charga  ia  axoeedingly  small  in  auall  diameter  charges.  Indeed 
any  laboratory  restricted  to  tha  use  of  saall  size  charges  and  ecncex^  . 
n^ng  itself  only  with  east  and  pressed  ideal  explo^ves  might  easily 
fail  to  observe  many  important  Charaetertetie  features  of  the  wave 
front  even  with  the  use  of  the  bast  modem  ratatixxg  mirror  streak  caza- 
eras  owing  to  tha  hi^  resolution  and  charge  reproducibility  required 
in  studies  with  small  diameter,  eliarges.  Large  diameter  ahots  with  low- 
density,  ideal,  and  non-ideal  explosivaa,  however,  may  be  used  without 
difficulty  in  wava  shape  studiaa. 

fll  • ’ ■ ' ' ^ 

i;srring  and  eo-workara'  ' eillad  attention  In' their  development  , 

of  the  "curved  front"  theory  to  the  possibility  that  reaction  rats  and 
wave  idiape  may  be  intloately  related.  In  addition,  wave  shape  is  im- 
portant in  the  dsalgn  of  oany  davloea.  A ayatematic  study  of  tha  char- 
aotarlstica  of  tha  detonation  wave  fronta  for  various  types  of  explo- 
sives wers  thsrsfore  undertaken  here  both  in  ideal  (detonation  velocity 
D equal  to  the  theoretical  waytmim  or  hydrodynamic  velocity  I>^}  and 
non-ldeal  (0<D*)  detonation.  The  location  and  laboratory  facllltlea 
developed  proved  to  be  ideal  for  the  study  of  wava  shape.  An  excallant 
high  speed,  rotating  mirror  camera  was  constructed  with  film  writing 
speeds  up  to  5 mm/psee.  &y  use  of  this  camera  in  on  Inaide-out  bomb- 
proof (camera  and  investigators  inside,  explosive  outside)  in  a remote 
area,  it  was  possible  to  study  charges  of  almost  any  desired  diameter 
(d)  and  length  (L).  Indeed  charges  of  L/d  > 6 have  been  fired  in  dia- 
meters up  to  25  cm  in  many  cases,  and  In  one  explosive  a diameter  as 
high  as  46  cm  was  used.  With  this  Instrumentation  and  by  use  of  explo- 
sives of  various  types  and  under  various  physical  conditions,  many  of 
the  characteristic  features  of  the  detonation  wava  front  have  been  elu- 
cidated. This  paper  summarizes  the  extensive  experimental  data  obtained 
in  these  wave  shape  studies.  Also  presented  is  a discussion  of  the  re- 
sults fresa  a largely  geometrical  viewpoint  employing  the  concepts  of 
the  detonation  head  model. 


EXPEKIHEHWkL.  v 

Three  ^rpM  Af  chATges  wer«  used  in  this:  atudy^:  Ifiow 

packed^  wia»ed»  Sod:  oast  ^lareBa*.  Finished  charges  were  either^ hare 
oharges  (la  •oaw'  eaat  exj^aires):  or  were  contained  in  thin-walled 
paperi  oellophane,  or  plaatle  tnbea*.  Except  perhaps  for  measurements 
mads  in  diametez's  of  5 cm  or  lets  where  measureeunts  were  unreliable 
• anjwax^  the  confinement  provided  bj  these  tubes  was  probably  quits  neg* 
Ij^ble*  Sxoepb  for  determinations  of  the  inflnsnce  of  charge  lengthy, 
phuttf graptec  ^stonstioa  waw  front  were  msdr  for  pert  ct 

L/d  > 6.0.  To  ooneerve  explosive,  shots  of  CNT  at  d • 25  cm  and  am* 
aunira  nitrate  at  d ■ 66.0  cm  were  made  at  L/d  - 4.0  to  4.5.  Since,  a* 
Will  be  shown  later>  the  ware  riupe  became  steady  at  L/d  < 3.5  in.  all 
oaaea  studied,  the  shots  at  L/d  ■ 4.0  to  4.5  gave  the  steads  state  cuz^ 
i^ture.  Px*e88ed  tetryl  or  cast  penbolite  boosters  having  preformed 
sjdslly  centered  cap  wella  were  used  to  detonate  the  charges  requiring 
' booatezw..  In  measurement s of  the  influence  of  charge  length  the  boos- 
ter was  one  inch  in  thickness  %flth  a preformed  eap  well  3/4"  deep.  Leas 
oare  waa  needed  in  regulation  of  the  exact  position  of  the  eap  in 
steady  state  wave  shape  measursments.  For  eap  aenaitive  explosives  the 
<dierges  were  fired  directly  by  caps  axially  centered  at.  one  end  of  the 
charge  by  means  of  wooden  fome  placed  on  thle  end  of  the  charge*  Zn.- 
measurementa  of  the  influence  of  charge  length  the  cap  waa  butted 
against  but  not  inaez^ted  into  the  end  of  the  charge. 

The  looae-paoked  charges  were  all  vibrated  to  provide  density 
unlfonaity.  In  some  of  the  loose  mixtuz^es  studied  such  as  RDX-salt, 
RDZ-glass  bsads,  etc.,  however,  vibration  of  the  charges  may  havs 
osuasd  aome  asgregatlon  aa  indicated  by  some  poorly  reproducible  re- 
sults obtained  for  theae  mlxturea.  Cast  charges  were  poured  in  lengths 
enough  greater  th^  the  desired  one  to  provide  s 6 to  10  inch  head  to 
minimise  cavitation  in  the  finished  charge.  This  head  was.  then  removed 
and  onl  tbs  bottcsi  part  of  the  charge  used  in  the  test.  The  pressed 
charges  were  made  in  1 inch  thick  wafers,  and  the  charge  was  mads  up  by 
placing  enough  wafers  end  to  end  to  give  the  dsalred  leztgth» 

The  wave  was  photographed  in  each  case  as  it  emerged  from  the 
end  of  the  charge.  Thle  end  of  the  charge  was  made  perfectly  perpen- 
dicular to  the  charge  axis  by  cutting  the  tube  on  a lathe  and  covering 
the  end  with  a flat  piece  of  wood  during  charge  preparation.  Just  bs- 
foro  firing,  this  %rooden  form  waa  removed  and  either  replaced  by  a 
glass  plats,  or  the  charge  end  was  left  bare  depending  on  the.  nature 
of  the  explosive.  The  slit  of  the  camera  was  focusaei  on  the  end  of 
the  charge  across  a diameter  after  a suitable  etatic  image  of  the 
charge,  and  a 10  cm  grid  was  taken  for  determination  of  the  magnifica- 
tion factor.  A atatia  image  with  the  alit  in  was  also  taken  defining 
the  line  of  view  of  the  camera  to  show  that  the  slit  actually  crossed 
a diameter  of  the  charge.  In  some  of  the  lowest  velocity,  non-ideal 
explosives  it  was  necessary  to  use  a thin  (about  1 mm)  layer  of  tetryl 
at  the  end  of  the  charge  along  the  line  viewed  by  the  camera  through  the 
slit  in  order  to  produce  enough  luminosity  to  observe  the  emerging  wave. 
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A rery  strUdng  r«8ult  of  thrwftYo  shape  studies  carried  oat 
1b  this  laboratory  is  the  fact  that  the  wave  fronts  shoved  a constant 
radius  of  curvature  Csphsrical)  across  pteetiesHy  the  entire  wave 
front.  2b  soae  oases  somethizig  slinilar  to  the  edge  effect  anticipated 
frcML  shaped,  duur&e  atiuliee.  could,  be  aeea.  ae.  s>  ^ksn^p  Increase  im  mnm 
tore  OB  the  outer  edges  of  the  trace.  However,  in  bo  case  did  this 
edge  eff sot  aaount  to  as  saich  as  ejected,  namely  3 the  mexiaaar  oh^ 
served  edge  effect  not  exceeding  2 mm  in  any  ease,  lu  many  eases^  how- 
ever, the  ware  remained  spherical  right  out  to  the  edge  of  the  charge. 

Xb  acme  easee  wave  irregularities,  usually  tipped  or  asTsmetrlcal  wave 
frosts  vers  observed.  These  were  traced  to  density  and  sometimes  eosh* 
positions  fluctuations  in  the  charge.  When  results  were  repeated  with, 
more  accurately  controlled  charges,  spherical  waves  were  found.  Cavite- 
tioB  near  the  end  of  the  charge  in  cast  explosives  always  distorts  the 
wave.  Cast  charges  in  ^Ich  density  along  the  axis  is  reduced  by  poor 
ca':';tiBg  tend  to  give  excessive  curvature,  or  if  exaggerated,,  immsted 
wsvas.  These  effects  are,  however,  not  reproducible.  The  wave  ahapo^ 
except  fbr  the  edge  effect,  m^  be  esqsressed  in  each  case  except  for 
these  irregularities  by  a single  value  R,  the  radius  of  curvature  of 
the  wave  front.  All  wave  ^pe  data  in  this  paper  are  presented  in 
this  maimer. 

Influence  of  Charge  Length 

Fig.  1 shows  results  of  measurements  of  the  radlud  of  curva- 
ture cf  the  wave  front  as  a function  of  charge  3.ength  in  aoias  ideal 
eaqplosiTes  (D  23*^).  For  L/d  < 3 In  low  density  THT,  R increased  al- 
most directly  with  L until  a vilue  of  1.8  d was  reachsd  after  which  iL 
settled  down  quickly  to  the  constant  value  Rg/d  - 1.8  and  remained  at 
this  value  up  to  the  naadnom  length  studied  tt/d  - 18.5).  In  EDHA  a 
similar  situation  prevailed/  R/d  Increasing  almost  directly  with  L/d  to 
L/d  *2.5  al'ter  which  it  remained  constant  at  R-/d  ■•2.6.  Wave  shape 
with  pure  granular  ROX,  AO/60  RDZ-salt,  and  cast  pentolite  was  also 
studied  (as  a function  of  charge  length)  and  the  results  showed  that 
the  wavs  in  these  cases  expanded  geometrically  (R  ■ L)  for  values  of 
L < 3.5  d,  but  at  L > 3.5  d,  R remained  constant  at  B^/d  * 3.5. 

Striking  results  vexa  obtained  in  studies  of  wave  shape  at 
large  L/d  using  various  types  of  initiators.  It  was  found  that  the 
sane  steady  state  wave  chape  maintained  at  large  L/d  independent  of  the 
mode  of  initiation  of  the  charge.  In  these  studies  plana  wave  initia- 
tion, peripheral  initiation,  Irregular  wave  shape  initiation,  and  Inver- 
ted wave  initiation  were  used.  In  all  cases  the  same  steady  state  wave 
shape  rasultad  ae  was  found  in  the  R vs.  L/d  studies  showing  that 
steady  state  wave  shape  is  a function  only  of  the  explosive  and  its 
physical  stats  and  not  of  eouditions  of  initiation. 
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2 ahoM  th»  results  obtained  with  two  non-ideal  explo- 
sives for  vd>i4h-  was  appreciably  less  than  unity  in  the  particular 
diaaeters  studied.  These  e3q)loslvea  were  coarse  (-6  ♦ d nosh)  TtlT  In 
dlaaeters  oT  5 and  lO  and  a sinple  mechanical  mixture  of  50/5(X  IKS— 
sodium  nitrate  (SN)  employing  -28^  * 48  meah  SN  in  diametera  of  5 and  10 
cm.  Measurements  were  mads  at  charge  lengths  ranging  from  1 d to  6 d. 
They  showed  that  R/d  increased  directly  as  L/d  for  L/d  not  exceeding 
I^d.  Significantly  the  steady  state  value  ^jn/d  in  these  non  Meal  ex- 
ploaiYea  was  established  at  smaller  values  oTii/d than  in.  the  ideal  exr 
plosives  shown  in  Fig,  1.  Tn  fhetj  the  wave  appeared  to  change  sxrfdto- 
ly  from  geometrical  expansion  (R  " L)  to  steady  state  wave  shape 
(R  " R,^)  at  L ■ R|^.  The  establishment  of  a steady  '^tat•  wave  front  of 
Rp^/d  ^3.5  even  in  ideal  explosives  of  very  short  reaction  zone  length 
snows  that  other  factors  besides  reaction  rate  Influence  wave  shape. 
However,  the  lower  values  of  Rj^/d  found  for  non-ideal  explosives  show 
that  reaction  rate  influences  wave  shape  at  least  to  some  extent  In 
accord  with  the  suggestion  of  ^^ing.  Other  factors  not  taRen  into 
adcount  are  of  sufficient  importance,  however,  to  require  modifications 
of  the  “curved  front"  theory. 


on  Wav 


Since  the  results  shown  in  Fig.  1 and  2 show  that  steady 
state  curvature  is  established  at  L/d  3,5,  values  of  Rg^/d  as  a ftme- 
tiop  of  d and  p.  were  measured  in  a number  of  ideal  and  non-ideal  ex- 
plosives at  L/dS  6,0  except  as  indicated  above  for  D^^^  and  AN  %diere  L/d 
was  4.0  to  4.5  at  maximum  d.  The  results  are  diovn  in  Figs.  3 to  9, 
inclusive.  Results  for  cast  TNT,  50/50  pentolite,  and  composition  B at 
L/d  >6.0  are  shown  In  Fig.  3*  As  mentioned  above,  wave  shape  is  ex- 
tremely sensitive  to  slight  charge  fluctuations.  Unfortunately  east 
diarges  are  difficult  to  prepare  without  such  fluctuations.  Bence 
values  were  reproducible  only  to  within  abou';  ^ 0.5  in  these  three 
explosives.  Within  these  ll^ts  the  results  shown  in  Fig.  J sbov  that 
the  upper  limit  of  R^/d  found  at  large  diameters  in  these  ideal  e^lo- 
sives  was  abextt  3.5  ^4.0.  It  is  significant  that  the  maximum  effao- 
tive  charge  length  in  ehaped  charge  phenomena  and  other  phenomena  . 
employing  “end  effect"  such  as  lead  block  compression  and  sympathetic 
detonation  is  also  about  3.5  d to  4*0  d.  V/hlle  R/d  and  the  total  end 
impulse  Increase  vmlfonnly  with  charge  length  for  values  of  L/d  between 
zero  and  3.5  to  4.0  results  for  these  explosives  showed  that  D did  not 
vary  appreciably  with  charge  length  in  the  region  0 < L/d  < 3.5.  It 
appears,  in  fact,  that  velocity  in  ideal  explosives  at  diameters  well 
above  d^*  (minimum  diameter  for  ideal  detonation)  is  independent  of 
wave  shape.  In  non-ideal  explosives,  however,  velocity  ti*ansient8  have 
been  observed  to  occur  over  the  entire  range  0 < L/d  < 3.5,  but  D/D*  is 
constant  at  less  than  urJ.ty  for  L/d  > 3.5.  Similar  transients  have  been 
obseirved  in  ideal  explosives  in  diameters  near  d^*. 

Fig.  4 shcjws  plots  of  I^/d  vs.  d for  eome  loose-packed,  granu- 
lar ideal  explosives  including  TNT,  EDNA,  tetryl,  RDX,  and  coarse  50/50 
pentolite,  all  at  L/d  > 6.0.  These  results  showed  Rm/d  to  increase  >iith 
dianjster  for  Rj^/d  < 3.5  although  only  quite  slowly  for  50/50  pentolite. 
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Qaly  In:  tha.  eaau;  a£  RCQC;  and  £13tiA  did  the  ralue  arR^d  reedi  the-lij^ 
IttDgrTKlnft  3:^5^  Thstt  remOtr  niskt  IndlcAte  that  the  mudnaa ; 
of  iC/d  cnnan:.atL  large  dLaanter  aagr  be  lover  than  3*5  for  exploaivea 
aufficlently  Inw  denaitTV  tndtrreting  possibly  s purely  density  effect  i 
on  curvature.  However^  it  is  sore  m^bable  that  this  effect  is  slaply 
a reaction  rate  effect  and  that  R^/l  vould  approach  3*5  at  large  eoou^ 
d.  While  these  explosives  vere  ideal,  it  is  possible  (as  predic  ed  by 
the  detonation  head  aodel)  that  the  reaction  zone  length  may  still,  ba  i 
^^eciabls  and  that  this  may  be  responalble  for  the  low  B^d  valnad  ii 
low  density,  ideal  exprosfvss.  It  has  been  shown  that  a mnob  longj 
er  ibr  a given  e^ploeive  at  low  density  than  at  high  density  apparently 
simply  because- the  temperature  increases  quite  markedly  with  density  j 
(e.g.|  at  least  as  rapidly  as  that  predicted  by  the  a(v)  equation  of  ' 
state). (3)  ; 

Influence  of  Density  on  R^/d  in  Ideal  Explosives 

Numerous  measurements  of  l^d  were  made  as  a function  of  dex 
sity  with  fine-grained  TNT,  EDNA,  50/^  pentolite,  and  various  pentoli^ 
salt  and  TNT-ealt  mixtures  in  a. diameter  of  5*2  cm  and  with  tetxyl  in 
2*5,  5*0,  and  10.4  on  diameter  charges  all  at  L/d  > d.O.  The 
results  are  shown-  iiv  Fig.  5»  Thc^  show  that  Rn/d  increased  with  den- 
sity Pi  in  all  cases  as  long  as  R^d  was  leas  ^ar  3.5  to  4*0.  (In  t 
initial  serlsa  of  ve.  pi  msasurements  made  with  TNT  a mariaiim 
value  of  4*5  for  Ro/d  was  obtained  at  Pi  ■ 1.51*  It  was  suspected  thai 
. this  high  value  might  be  associated  with  small  air  gaps  between  the 
dividual  1 inch  thick  wafer  used  in  these  charges.  Hence  in  later  worl 
care  vaa  exercised  .o  avoid  an  air  gap  by  dusting  off  each  pellet 
fully  and  making  sure  that  good  contact  was  obtained  between  them.)  Thi 
aaxijaum  value  of  R^/d  did  not  exceed  4*0  with  the  explosives  tetryl, 
EDNA,  and  50/50  pentolite,  all  of  which  would  be  expected  to  give  at 
least  aa  large  maxlntitm  values  of  B^/d  as  TNT.  The  fact  that  the  maxl< 
mom  value  obtained  for  RL/d  vith  caAt  TNT  at  * 1.59  was  between  2.51 

and  3*9  in  all  cases  at  uameters  between  5 and  12.7  gives  further  j 
evidence  that  the  true  limiting  value  of  Rg^/d  may  not  exceed  3*5  to  4.^ 
in  this  as  well  as  other  explosives. 

Influence  of  Inert  Additives  on  R _/d  in  Ideal  Detonation 

**1306  low  density  ideal  explosives  were  shown  to  give  Rg^d 
values  below  3*5  &t  least  at  the  maximum  diameters  studied,  questions 
arose  regarding  R^/d  in  explos_ves  with  inert  additives.  Theoretical!^ 
the  temperature  would  be  higher  for  a given  explosive  if  the  voids  w^ 
filled  with  inert  solid  than  if  these  voids  were  filled  with  air  be- 
cause of  the  covolume  effect  on  temperature  shown  in  previous  studies. 
Assuming  therefore  that  the  explanation  of  low  Rjj^/d  values  in  low  den- 
sity, ideal  explosives  is  an  appreciable  reaction  zone  length,  mea- 
surements of  Roi/d  were  made  in  various  loose-packed  pressed  and  cast 
TNT-salt,  pentolit e-salt,  and  RL'X-salt  mixtures.  The  results  are  showi 
in  Fig.  6,  In  loose-packed  ThT-salt  mixtures  at  d ■ 10  cm,  Rj^/d  de- 
creased appreciably  with  salt  content  from  2.1  at  zero  percent  salt  to 
1.3  at  60  percent  salt.  This  suj^gested  that  the  density  effect 
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Fig.  5 o Variation  of  Bg/A.  with  Dezuit7 
in  Soma  Ideal  Ebcploeivee 


Fig.  6 - Influence  of  Inert 
Additivea  on  Wave  Shape 
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deaoriba<t  aborts  adgfat  not  be  e;  reaction  none  length  effect,  althongfar 
the  poaaibilttT^ret&ai:)^  that.  eoiBe:  of  the  salt  nl^tt  hare  Ysporixedrte 
canaa  lower  temperature  anxL  longer,  a^.  Hence  aasaureoenta  were  re- 
peated using  glass  beads  of  -20  ♦ 30  gimh.  Id  this  esse  the  inUttencee 
of  inert  sddHiTe  disappeared  completely  lendiog^  credence  to  the  sug- 
gestion that^ie  effect  Is  actually  a reaction,  ions  length,  .effect. 


'^st  THT-salt  aixtores  showed  very  little  effect  of  salt  on 


curvature,  the  l^d  valuee  decreasing  only  from  2.6  at  ssro  percent 
salt  to  about  at  5tr  percent  aalt.  The  nailer  effect  of  salt  m 


salt  to  about  Z^  at  5tr  percent  salt.  The  nailer  effect  of  salt  eir 
Rm/d  in  cast  compared  with  loose  TNT  may  be  associated  with  the  fact 
that  expoaure  time  of  salt  to  tha  detonation  head  in  the  oast 
^targe  is  only  about  half  that  of  the  low  density  mlxtxire  so  that  less 
vaporisation  occurred  in  the  reaction  sons.  It  is  dear  that  vapori- 
sation of  salt  in  the  reaction  zone  was  not  large  in  either  case,  since 
vaporisation  of  only  a small  percentage  of  the  salt  would  riaench  deto«- 
nation  in  cast  and  loose-packed  TNT.  Powdered  salt  in  aoiiall  aaounbe 
(jaenahas  detonation  even  in  very  sensitive  47namitee. 


Results  obtained  with  R0X>  jslt  aid  RDZ-glaaa  bead  mixtures 


showed  very  little  change  of  with  -percent  inert.  This  may  be  sim- 
ply the  result  of  the  fact  thavR^d  was  already  ct  3.5« 


In  the  RDX-inert  and  TNT-inert  mixtures  the  density  increased 
%rith  inert  content  because  of  the  higher  density  of  the  inert.  To 
determine  the  influence  of  inert  at  constant  density,  poressed  charges 
of  50/50  pentolite  and  salt  were  prepared  in  a diameter  o.^  5*2  cm. 

These  results  are  also  given  in  Fig.  6 and  show  that  the  salt  additive 
izifluenced  B.  very  little  at  ■ constant.  The  oouelualona  to  be 
drawn  from  the  ^ etwlies  therefore  appear  to  be  (l)  that  additives 
which  are  stricvly  inert  do  not  influence  wave  shape  appreciably  for  a 
constant  free  space  inside  the  charge  and  (2)  that  tne  density  effect 
noted  in  Fig.  ^ may  be  simpily  a reaction  aone  length  effoct.. 


Influence  ot  Reaction  Zone  Longth  on  in  Ideal  Ejqfdoalvaa 


Some  additional  studies  were  carried  oat  to  provide  evidence 
for  the  auggestlon  that  only  reaction  zone  length  influences  wave  cur- 
vature in  ideal  and  non-ideal  explosives  ^en  R^d  < 3*5*  One  will 


note  that  oast  TNT  at  d ■ 5 to  7*5  cm  showed  a relatively  lew  Rjn/d, 
whereas  the  pressed  charges  at  d ■ 5 cm  showed  normal  (or  slightly  too 
Rg/d  values  at  densities  from  1.36  to  1.5.  Moreover,  there  was 
a rather  rapid  increase  in  Rj^/d  with  density  in  pressed  TNT  between 
Pj  - 1.35  and  l.AO  g/oo.  In  the  first  place  cast  TNT  Is  coarser  than 
the  fine  pressed  TNT,  and  at  the  same  density  its  reaction  zone  length 
should  therefore  be- greater*  This  would  explain  the  higher  Rg/d  for 
the  pressed  compared  with  the  oast  TNT.  On  the  assumption  that  the 
density  effect  In  the  pressed  TNT  is  a reaction  zone  length  effect, 
there  are  two  factors  to  consider,  namely  (l)  the  inorease  in  the  deto- 
nation temperature  T^  with  density,  end  (2)  the  fact  that  pressing 
breaks  down  the  particles  and  should  therefore  decrease  the  reaction 
zone  length.  The  temperature  effect  would  be  expected  to  be  continuous 
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witlr  ixterufdxig^-^  id?U^  n»'  ablvpi  ehaogor  ixr  the  elope  of  the  B^/d  Te« 

0%  oortv*.  <Iov«eer,  the  partlelo-  else  effect  uould  prodoee  e auddea 
ehanpe  et  the  dfiBsltx  where  the  pertiolee  are  eroehed  If-  preaaiac*. 
Rttttele  else  atadifts  of  pressed  TMT  ebargee  showed  theft  tho-  paortleles 
did  act  crush  i^l^eciably  due  to  pressing  until  a density’  of  1.35  is 
reached^  But  between  ” ^*35  and  • 1.40  g/ee  eonslderable  partl>- 
ole  breakdown  was  found*  This  is  precisely  the  density  range  at  tdxldli 
a sharp  Increase  In  l^d  was  enoounbered* 

. Iverago  vaeo  ttap*  wr.  dlaatter  ■scsoareossts  ceT  Zbose-paelad 
tetryl  and  PETN  of  part  Ida  alzes  -20  ♦ 20  aesh  and  -35  * 4d  mash  for 
tetryl  and  -35  **’  40  aeah  and  -65  100  mesh  for  PETN  made  in  plastic 

tubing  of  1«6  ma  wall  thickness  are  plotted  in  Pig.  7*  Those  measuz^- 
aents  ware  made  at  diameters  at  and  above  <^,  the  alniwuM  diameter  at 
which  O/D*'  * 1.0.  While  results  in  such  »c531  diameters  are  question- 
able owijig  to  poor  reproducibility,  one  will  note  that  ^/d  not  only 
continued  to  increase  with  d in  the  Ideal  detonation  region,  but  that 
an  apparently  definite  paz*ticle  else  effect  also  occurred,  the*  values 
of  l^d  for  the  finer  tetryl  and  PETH  alwaya  being  greater  than  thoae 
of  the  coarser  granulation  of  tetxyl  and  fhot  that  particl#/ 

size  effeeta  on.  wave  shape  are  pronounced  in  the  ideal  detonation  re** 
glon  near  d^*  as  well  as  in  the  nonp-ldeal  detonation  region  seeae 
clearly  to  mow  that  a^/d  is  appreolable  in  the  ideal  detonation  re-  v 
gion  near 

It  is  oonolnded  fzom  density  and  diameter  studies  in  ideal 
explosives  with  and  without  inert  additives  that  values  of  Rm/d  lover 
than  3*5  are  associated  with  reaction  cone  lengths  of  appreciable  mag- 
nitude but  not  long  enough  to  reduce  O/D*^  below  unity.  According  to 
the  detcnatlon  head  model  D/D*  will  not  drop  below  unity  until  B^/d 
(the  reaction  zone  lengtb/dlameter  ratio)  is  greater  than  about  unity. 
However,  it  appears  obvious  that  iWd  will  be  lower  than  the  marlmma 
value  3.5  as  long  aa  the  ratio  a^/d  is  appreciable.  Apparently  aaSj" 
when  lo/d  approaches  zero  wi.U  R-/d  attain  the  la/odaxaa  value  of  3»5» 
The  above  en^ence  thus  substantiates  the  detox^tlon  head  model  in  thie 
regard. 

H /d  V8.  dameter  in  Kon-Ideal  Detonation 


Fig.  0 preaenta  plots  of  Rg/d  vs.  d for  several  loose-packed, 
non'ideal  explosivee.  In  all  eases  except  amaionlum  nitrate  (AN)  Rg/d 
increased  with  diameter  but  waa  considerably  below  the  limiting  value 
of  3.5  to  4*0  at  the  wariimim  diameters  used.  With  the  -4^6  mesh  TNT 
product  the  velocity  was  at  the  maximum  value  I><^  at  the  largest  dia- 
meter studied.  However,  R^/d  was  still  only  1.9*  vas  Just  silli- 

ly below  unity,  but  Rg/d  was  only  1.6  for  ENTj  In  both  50/50  THT-^ 
and  50/50  TNT-AN  D/DM-  was  still  considerably  lower  than  \mitj  at  d ■>  25 
cm,  where  R^d  was  2.5  and  1.6,  respectively.  B^d  was  very  low  for  AN 
(about  0.0  w 1.2)  but  did  not  Increase  apprecianly  with  d even  up  to 
d ■ 46  cm.  Thia  is  probably  simply  because  d/H*  wao  conaiderably 
lower  than  unity  (theoretically  about  0.45  at  d - 17.5  cm  and  0.65  at 
d " 46.0  cm)  over  the  range  of  diameters  studied.  Except  possibly  for 
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tbe  ralativCS^  hi^  vaIa^  the  tlfF-S^t  mlxbnre  theae  results  sre  ee&» 
slsterxb  with  the  oencej^t  thet  is  . a:  Aiasticis  of  reaction  lone  len^tht 
at  ralusa  of  R^/d  < J,S.  coarse  TKT  and:  f ine  ISTT  at  d ■ 25  cm,  ; 

a9/d<^1.0  aecordlxig  to  the  detonation  heal  model*  Henoe,  In  ceoord  | 
vtth  ohsereationa,  !^d  should  be  appreciably  lower  than  the  Uaitlag 
valxis  of  about  3.5  attained  for  a^d  « 1.0. 

Results  of  ^g/d  Ts.  d for  sons  cast  esq^loslvas,  non-ldsal  in  > 
■Ball  diameters  axH<  Idssl  in  some  cases  and  non-ideal  in  others  is 
largis  diameter  are  ehown  in  Qnlj  in  the  eoapoeitloa  B*41l  CM^-, 

charges  did  Bj^/d  reach  thei  approziaate  limiting  value  (3.d  in  this 
oass;.  This  explosive,  however,  Was  ideal  uzader  conditions  at  which 
Rg/d  ■ 3«d.  In  all  the  others  except  cast  amatol,  R^d  seemed  to  at* 
tain  epproziaately  a constant  or  sloidy  rising  value  at  d > 10  on* 

■ i 

All  of  these  exi^osivss  except  the  baratols  were  ideal  at  the  ;■ 
maxitaum  diameter  studied.  Even  the  milled  barium  nitrate  pcbduot,  bow* 
ever,  was  non-ideal  at  d • 25  oa.  Of . particular  interest  is  the  fast 
that  70.7/29<3  east  composition  B-AN  orbited  an  Rj^/d  vs.  d curve 
which  reached  the  martmini  value  (3*8)  st  about  the  same  diameter  at 
which  D/D*^  became  unity.  This  is  probably  associated  with  the  email 
percentage  of  the  slowly  reacting  eoopcnsntx  AVt  and  a vexy  short  re-^ 
action  sons  for  ths  faster  one,  oompos.ticn  B. 


THEORETICAL  (X)NSinEaATlDlI3 

PheoaBenology  allows  one  to  write  tbs  fc  Uowing  scjuations 
pertaining  to  wavs  idiapsii 


®i  “ constant;  y < y»  (2) 

Rj  " radius  of  curvature  of  ths  wavs  at  a particular  charge  length  and 
at  a point  on  the  wave  front  a distance  yj  perpendicular  to  the  charge 
axle,  y'  is  the  effective  radius  of  ths  obarga  defining  effsotlvs  ra- 
dius to  exclude  the  slight  edge  effect  which  did  not  sxossd  2 mn  in  any 
case.  Equation  (2)  simply  expresses  tbs  experimental  fact  that  the 
wave  front  is  in  general  spherical  in  shape. 


R « L;  L < 

R ■■  ■ eonstant;  L > 


Equation  (3)  expressee  the  facts  shown  in  Figs.  1 and  2 that  the 
spherical  wavs  front  expands  geometrically  for  a length  nearly  up  to 
^ and  then  settles  down  rather  suddoixly  to  the  steady  state  value 
For  theoretical  purposes  it  is  evident  that  the  assumption  of  a sharp, 
discontinuous  change  from  spherical  expansion  (R  • L)  to  tbs  steady 
stats  wave  front  (R  ■■  B»}  le  reliable  almost  within  experimental  error 
ao  indicated  by.  the^dotted  horlsontal  linee  in  Figs.  1 and  2. 
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H«r«  X r»pr^sant«-a  j«t  txzdnywn  f«otor  d«teralnlng  ware  eh^pe  Intfatr 
ragion  of  flnlto  •.  poMlUj  Invol'iriBg  detonAtion  prassuro  p,  and  par^ 
hapa  alao  D.  Zqa^ion  (4)  aaprasaaa  tba  aztanalra  B^/d  va.  d raaulta  1 
‘ obtained  In  the  atudlaa  In  t&la  laboratoxy^  afridanea  that  Bg/d  la  not 
the  aaae  in  all  caaea  at  a giaMa  a^d  bains  aapCLa*  Tb*  pBoSlaBt  in.  thn 
lutarpggtatton  of^wara  ahapa  raaol^  tfana  iwiolt09  (ij  tha  aXuoldation 
of  the  faotora  Inelndad  la  X and  (2)  tha  daterndnation  of  tha  function 
tw  Thaaa  fueetlona  have  not  yat  bean  fpnaulatad*  RoweTcr^  tha  nator* 
of  tba  unknown  TarlaUa  Z auiy  parbapa  be  Inpllad  froo  the  fallowing 
eonaldarationa. 

In  tha  gaoofatrleal  axpanalxm  stagea  of  tha  irave  during  whioh 
B * I,  one  haa  no  indication  that  tha  adga  of  tha  eharga  or  tha  reac- 
tion cone  length  a.  inHuaneaa  ware  diapa  at  all.  MoraoYer,  in  thia 
region  all  exploalvaa  aaaa  to  ba  allka  as  to  wave  ah^a,  whether  Ideal 
or  non-ldaal  even  though  they  exhibit  widely  different  Taloeltiaa  or 
Taloeity  transients  as  the  case  nay  ba*  Ona  night  intarprat  this  ra- 
ault  tharafora  to  indloata  that  nothing  occurring  at  the  adga  of  tha 
eharga  or  in  tha  reaction  sone  Influazusea  conditiona  detamining  wava 
ahape  in  region  of  gacsadtrical  expanalou.  The  only  altematlTa  expla- 
nation  of  thia  fact  is  that  adga  affects  influanoa  all  axploaiTts  in 
exactly  tha  aame  way  in  thia  region  of  %rave  paropagatlon.  This  expla- 
nation,  however,  aeesa  heavily  strained,  particularly  in  view  of  the 
observed  apharloal  wave  fronts.  . 

* 

The  influence  of  explosive  charaoterlatioa  suddenly  coma  into 
play  at  tha  limit  of  geometrical  expansion,  L ■ At  this  liolt  tha 
only  affect  of  explosive  characteristics  la  apparently  simply  to  pre- 
vent ary  further  change  in  wave  shape;  the  differences  between  axplo- 
alvas  regarding  wave  shape  reside  sim|dy  in  the  value  of  L at  idilch 
steady  etate  conditions  are  establiiAed*  Values  of  ^/d  and  therefbre 
also  L/d  at  the  (apparent)  discontinuity  in  transfer  nx>&  qpherical 
expansion  to  steady  state  wave  propagation  fall  in  the  range  0.5  < 

JV/d  <3.5.  The  lower  ymlt  corresponds  to  tha  critical  diameter  d^; 
toe  wave  front  is  a hemisphere  at  di^.  Rm/^  obviously  canxvot  be  lass 
than  0.5.  From  the  geometrical  arguments  presented  here,  the  facts  1 

seem  quite  significant  that  values  of  Rj-Zd  approaching  0,5  have  been 
observed  quite  frequently  ae  one  appraa^es  d^,  although  no  values  of  . 
fLjd  less  than  0.5  have  been  observed.  On  the  other  hand,  the  upper 
Imlt  of  3.5  is  precisely  the  value  of  L/d  at  which  the  detonation 
head  attains  in  unconfined  charges  its  maximum  size  or  that  end  la- 
pulse  ie  optimum  as  shown,  for  example,  by  extensive  shined  eharga  and 
other  studies.  The  maximum  effective  length  for  optimum  end  iapulee 
is  approximately  the  same  in  non-ideal  detonation  as  in  ideal  detona- 
tion, namely  3-4.  This  may  be  shown,  for  example,  by  determinations 
of  "end  effect"  by  means  of  the  lead  block  compression  method  using  a 
non-ideal  explosive.  One  finds  that  the  compression  of  the  block  for 
a charge  of  constant  composition,  density,  and  diameter  continues  to 
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tnoreaM.  wltt^  charg*  lan^h  up  to  L/d  •>  3 to  4 about  whi^  _ 
eonstaot.  Koroorar,  idion  plotted^  In  redueod  units  (6/&q  iduro 

6 is-the  coapresalon  at  loagth^  L and  4^  ia  tliat  at  L/d  > 3 ta  4)» 

Gurraa  of  tbla  sort  aa^  bo  apfaroddnatoXf  suporiapoaodf  thej  oocdd  all 
apparostly  auperlapose  at  least  within  ojqpoidjasntal  error  axeopt  for 
tho  offoet  of  tha  amall  ''edge  effect"  aentionad  ahar^  idtieh  la  approxx- 
matolj  a oonstant  and  therefore  causes  deviations  at  iwsH  L wbi^  la- 
ereasa  m ^ is  reduced..  Wave  shape  in  non-ideal  explosiTOs  la  tfaaa  no' 
detsmtned  bj  the  total  end  iapul^.  SoweTer,  when  a^d  la 
the  saao  fketor  or  fbetors  vfrieft  Unit  enu  impulse  also  limit  IT  ao  that 
and  then  and  onlx  then  coincide. 

The  detonation  head  skodel  gives  a readjr  esqilanatlon  for  t^e 
upper  limit  value  ■ 3.5  d,  aa  wall  as  a quantitative  eoq>lanatioa  of 
the  6/6o  va.  I^d  curves  obtained  in  end  i^npulee  studies.  Rarefactions 
tvom  the  sides  reach  the  charge  axis  (at  a distance  about  d behind  the 
wave  front)  onlj  after  the  wave  has  traveled  the  length  ■ 3*5  d* 

For  L/d  > 3>5  the  detonation  head  propagates  in  steady  state.  Wave 
shaps  is  also  steady  i&  eil  eases  at  L/d  >3.5  simply  becaiise  at  L > 2^ 
all  effects  of  the  point  of  initiation  have  been  erased  b/  the  infln* 
enoe  of  lateral  rttrefaetlonew' 


Possibility  of  Pressure  Gradiente  Across  Wave  Front 

The  fact  that  detonation  wave  fronts  propagate  in  steady 
stats  in  all  cases  with  appreciable  curvatvire  would  seem  to  imply  a 
pressure  gradient  across  the  detonation  wave  front.  Howsvery  simplt 
arguments  based  on  the  experimental  facts  show  that  this  Is  not  tbs 
eassi  bdt  that  ths  pressure  et  the  wave  front  ia  aJjrays  ipproziaateljr 
constant  over  the  entire  front  except  in  the  region  of  the  edge  effsefe 
mentioned  abow  which  does  not  exceed  2 am. 

During  gecnetrfcsZ  expamrlcm  (R  * L)  it  is  obvious  that  no 
pressure  gradient  exists  across  the  wave  front;  otherwise  expansion 
would  not  be  geometzd.eal.  It  foUotrs  that  at  the  Ilaiit  of  geometrloal 
expansion  (L  Rg^)  no  pressure  gradient  should  exist  across  the  wave 
front.  But  wave  shape  remains  unchanged  for  L > it  mslntaina  the 
same  apherical  shape  for  L > that  It  had  at  L * Hence  no  ap- 
preciable pressure  gradient  occurs  acroi;a  the  wave  front  at  any  stage 
of  propagation  since  the  appearance  of  a pressure  gradient  beyond 
L " R|^  would  obviously  change  the  wave  shape.  This  conclusion  is  in 
accord  with  the  detonation  head  model  for  explosives  of  a^/d  « 1.0; 
as  mentioned,  this  model  shows  a rarefaction  front  which  moves  in  from 
the  sides  at  lower  velocity  than  the  wave  front  velocity  D and  such 
rarefactions  cannot,  therefore,  influence  the  pressure  at  the  front. 

The  pressure  all  across  tha  front  will,  therefore,  be  determined  by 
tha  C-J  condition  >diieh  occurs  (for  a «d}  a distance  small  with 
respect  to  d behind  the  wave  front. 

That  no  pressure  gradient  exists  across  the  wave  front  i4iea 
a^/d  is  appreciable  is  not  a priori  as  obvious  as  it  is  ^en  So/d  «1. 
However,  the  experimental  fact  Is  still  the  some,  namely  that  the  weve 
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froat^  Ia:  spixarleal  Rm  with  the  aa^  radltte  ^tf^^rv&ture  that  it 

had:  at:  tha.  limit,  at  g tcaeti^cal  e^qvaneion  (L  - at  point  thana: 

eoold  haTC- beaa  na  praaaure  gri^ient.  This  fact  still  aeems  ta  reqatra: 
that,  m prwasare  c^a^ent  exist » aeress  the  ware  front  at  L >B^.  Again 
If  a pressure  gradient  ware  to  develop^  a»  L increases  above  Rg^  the 
wave  would  change  shape  and  would-  hardly  remain  spherical  in  all  oases 
sines  this  pressure  gradient  if  It  were  to  develop  would  be  a fhnotlon 
of  a^/df  the  total  pressure,,  and  other  factors  thn  combinstioa  of  whida 
ooold  hardly  b^^odacs  invariably  apherlcaL  wavs  frpwhn^ 


Mods! 


The  merd  fact  that  detonation  with  finite  Sg/d  values  .is  pos- 
sible ^ows  that  there  is  a strong  tendaicy  for  aicroscoplo  ehscklets 
oazrying  the  energy  and  impulse  goierated  ty  chemical  reaction  to  nevs 
forward  more  rapidly  than  the  wave  front  itself.  In  ordinary  shock 
waves  this  effect  causes  the  rarefactions  that  oovs  forward  from  behind 
to  set  into  the  wavs  front.  A normal  shodc  wavs  exhibits^  thersfbrs^ 
rapidly  dsersasing  dsnsity-distanee  (p(x))  and  paHiels  vilocity-dis- 
tanes  (V(x))  eharaet eristics  from  the  wave  front  backward.  Detonation 
waves  srs  sppsrsntly,  however,  not  simple  aooek  waves.  They  differ 
from  simpls  shade  waves  at  least  in  the  one  Important  respect  that  they 
are  supported  contimously  by  chemical  reaction  whereas  simple  shodc 
waves  are  not.  Conventional  theoretical  discussions  of  detonation 
waves  (4,5)  have  ascumed  that  this  effect  of  chemical  reaction  In  the 
detonation  wave  le  dmply  to  cause  the  wave  to  grow  in  such  e way  that 
p(x/3^)  ^ WCV^)  remain  constant  (xq  the  distance  from  the  point  of 
initiation  to  the  wave  front  and  x the  distance  from  the  point  of  inla- 
tion  to  e particular  characteristic  p and  V plane  behind  the  wave 
Aronb)'.  One  may,  however,  question  this  hypothesis  at  least  in  eases 
^ere  Sq  « d,  aid  chemical  reaction  appears  at  the  f.^Dt  instead  of 
at  the  rear  of  the  wave.  In  this  ease  impulse  generated  by  chemLeel 
reaction  would  not  only  be  sent  forward  but  al  eo  to  an  equal  extent 
backward  into  the  rarefaction  region.  This  effect  should  suxely  modify 
the  dtape  of  the  p(x)  and  W(x)  curves;  it  would  tend  to  flatten  them. 
This  shovld  be  true  also  in  the  cases  where  So/d  is  appreciable,  since 
at  least  paz^  of  the  chemical  reaction  will  appear  at  the  ware  front. 


The  experimental  evldenee  of  reaction  rate  studies  shows  thet 
reaction  sent  lengths  are  much  longer  than  can  be  accounted  for  by  p(x} 
and  W(x)  eentours  which  comzaence  to  decline  immediately  behind  the  wave 
front.  A p(x)  contour  flat  at  the  front  and  for  a distsnoe  (for  L > 
Lm)  about  d behind  the  front,  and  showing  rarefaction  or  a declining 
^x)  contour  for  x ■ 3^  - d seems  to  be  required  to  account  for  ol>- 
senred  reaction  rates.  Fig.  10  shows  a comparison  between  the  p(x) 
contour  obsex'ved  by  Ki&vlakowsky  and  Kydd(5)  and  the  theoretical  one 
of  the  detor.aulon  head  model  which  on  the  charge  axis  has  a p(x)  flat 
for  a distance  d followed  by  a normal  rarefaction.  The  experimental 
p(x}  contours  of  Fig.  10,  however,  have  been  questioned  by  the  authors 
on  the  basis  of  a possible  excessive  time  consent  in  the  electronic 
equipment  used  to  measure  them.  Still,  other  evidences  for  a p(x)  flat 
region  have  been  found,  some  of  which  are  discussed  by  the  snthor.  (6) 
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h^llll^<p4^  itaauaea  r etcaiiy  s*.at*  fltt  p(x) 
rtgloir  TasTixig  in  Icmctb  Aw  at  t&a^  ad&a  to-  aboutr  <1  on  tha  ohar^ 
aacia  in  m^onfinad  eyllndrieal  ehar§aa  Ir  Tha  jHHat  ragloa  ^ 

tha  datoaaitoit  haad  aod^  nadargoaa  ehanga  onZj  in  iW  ragion  0<  L<1^« 
Fig«  11  indlcabaa  tha  daralopoant  of  tha  detonatioii  haad  a oylindn^ 
oal  nosooftaad  eharga  for  a^  « d. 

In  tha  datopatlon  haadnodaL  rarafaetiona  froa  tha  aidaa  and  . 
tha.  raas  hoxa  rathar  dafintta  fronta  of  the  tjpa  Indf  oatad  in.  Fig.  II* 
For  L<  0.5  i$  them  la  a tanlaceqr  only  for  tBa  «am  to  remain  spherf-> 
eal  aima  na  lateral  rarefaction  oeeura  in  thia  region,  and  the  effeo- 
tlTO  raadtion  aona  length  aupporting  aaah  aleoant  tha  ware  front  ia 
t)M  tKM-for  all  alfloanta.  Fbr  L > 0*5  d,  howavar,  tha  region  of  the 
vaYo  front  filling  in  the  anmilue  of  the  charge  of  thlokneee  about  9^2 
(idiioh  for  > d would  be  the  entira  oharga),  in  which  the  lateral 
rarafaetion  out  a into  the  reaction  sona,  them  ie  a tendencjr  toward 
. weakening  of  tha  detonation  head  and  perhaps  corYatura  aleo,  owing  to 
the  fact  that  tha  anargjr  doYalopad  by  reaction  behind  the  rarefaction 
front  cannot  be  fed  into  this  region  beoazue  of  tha  eharpnees  of  the 
preaeura  and  density  gradient  at  tha  ramfaetion  front.  The  effeotlYw 
maotlon  aona  length  will  thaw  fell  below  a^  (or  d*  whioheYer  is  eaal* 
iar)'  atarting  at  the  Inside  of  the  annalaB  and  finally  maohixjg  aero  at 
the  edgo.  This  effect,  however,  does  z»t  at  first  (L  "0.$  d)  Infln- 
anoa  the  euTYatum  of  the  waYs  front  because  of  tha  tandanoy  for  energy 
and  iagpolae  to  aoYe  forward  from  the  rear  of  the  detonation  vaYt.  The 
texulency  toward  pmaaura  loaa  in  tha  annxlna  la  thus  quickly  oYercoae 
ainpily  by  drawing  soaantum  from  the  rear  of  the  weyo  and  tha  effect  ia 
merely  to  Increase  the  ratio  where  is  the  lateral  rare* 

faction  Yclooity*  In  other  worda^  tha  loss  in  energy  and  preasura  doe 
to  ineoiqtlate  react  ton  In  the  annalua  (or  oYer  the  entire  wave  front  IT 
Sq  > d)  may  be  offset  by  Impolsa  being  fed  into  the  region  of  the  deto* 
nation  head  falling  inside  this  annulua  ftom  the  rear  of  the  hoad  It'- 
atlf  boU  inolde  and  outside  tha  annolua  IT  a^  < d and  only  Ineida  if  * 
a^  > d.  Aesuffling  that  this  momentum  transfer  is  fast  enough  (which  it 
Kist  be  since  the  ware  remains  spherical)  the  pmasum  In  the  entim  ' 
head  may  then  be  held  at  the  same  yalue  as  that  on  the  charge  axis  as 
loxig  as  tha  angle  a (Fig.  5)  between  the  charge  axis  and  the  lateral 
ramf action  front  (determixMd  by  the  curYature  of  the  wsys  at  the  edge) 
remainj  euffioiently  large.  The  axigle  a is  detomined  by  the  angle 
f ■ a 6 between  the  ware  front  and  the  side  of  the  ohame.  But  f 
■deereaaes  from  180^  at  L ■ 0.$  d to  a minimum  value  of  SCr  ♦ ain**^'^^ 
However,  9 might  be  e^^cted  to  remain  approximately  constant  being 
determined  solely  by  the  hydrodsmamios  at  the  wave  front  near  the  edge 
of  the  charge  >i\ich  should  be  approximately  constant  in  geometrical  * 
expansion.  The  angle  a is  thus  at  the  mw-HnHWi  value  (greater  than  90^) 
at  L ■ 0.5  d and  dsersaaee  steadily  as  L inereasee  reaching  a sdaiaw 
Yalus  at  L ” 1^.  While  a continues  to  decrease  until  L ■ 3*5  d for 
a^  «.  d,  for  fuxlte  Talues  of  the  ratio  a^/d  the  critical  value  of  a 
is  rMcbed  at  L ■ B^<  3*5  d.  Apparently  for  values  of  a lesa  than 

impulae  cannot  bo  fed  into  the  annulus  from  the  rear  of  the 
wave  as  rapidly  as  it  le  needed  to  maintain  ^proxloately  a constant 
preasum  within  the  detonation  head.  The  angle  a is  thus  critical  at 
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Pig,  10  - Density  Dlstanc* 
(or  Hm)  Contours  in  tho 
Dston&tico  ^v»  of  m 
GasoouB  Explosl^  (Solid 
lino  Usasureasnts  by 
Klatlakowaiqr  snd  K^ydd, 
Dotted  line  SeUDatioi 
K»ad  IDodsi) 


flg«  11  - Dovelopmeit  of  Detonation  Head 
^ an  Ideal  Detonation  with  ao/d«l*0 
jotted  lines  extend  point  of  initiation 
for  L<Ijn  and  to  apparent  initiation 
point  for  L2:I^*) 
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X»  • tMidanoj  k««d  to-  Muiio  iooborla  ±0:  (tsqpwt-*^ 

—ntporry)^  gvootor  tbon  tb»  tonion^  for  wo^  ghap»  to  ooig^lxixo  to  ia- 
ox^iMOy  o otoo^F  Atoto  waro  front  Is  oatabliihod  at  thio  erltteol  nlat 
oTor  • A^  woll  *•  vovo  eurvotnre  th«i  beeomei  oto«4l^ 

A ooapOoto  doseriptloa  of  «Ato  ahapa  would  pcrbrldo  a de9> 
erlption  of  faetora  datamlning  tho  tinimm  Talna  of  a (or  a»)  or  tho 
dapaodonea  of  R^d  upon  theso  faetora  throu^  tha  funetiona  S and  f 
1b  option  (4)7  This  problaa  la  a difficult  on#  and  baa  not  yat  baM> 
•o3:^ad*>  IW  aaqpariaental  evidanoo  appoaro  to  bo  of  noh  » aat«ro^ 
bowarrar,  to  ra^pira  thaoratle^  oonoepta  of  tho  type  aoiploTad  in.  tha 
datoaabion  hand  oodal  aa  indicated  aboaa. 
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DETERMINATION- C7  REACTION  RkTE,  0?  SODIUM  NITRATE  AND  THK 

EQUATJDB  OF  STATE  OF  50/50  TNI-tfaHO^  25 


Kelvin  A.  Cook  and  Wayao  0.  Ursenbaeh 
University  of  Utah 
Salt  Lake  City,  Utah 


ABSTRACT 

Reaction  rates  of  sodiua  nitrate  (SN)  in  low  density  meehani- 
oal  and  hi^  density  oast  nilxtts*eB  of  50/50  TNT-^  were  determined  by 
each  of  the  three  theories  extant  (nozzle,  curved  f^nt,  and  detonation 
head)  using  the  experimental  velocity  (D)  vs,  diameter  (d)  curves  mea- 
sured ovar  a broad  range  of  diameters  from  the  critical  diameter  d^  up 
to. 25  cm.  The  total  reaction  times  found  for  SN  may  be  expressed  by 
the  equations 

- 6.8  X 10*^  - 1.83) 

7^  - 2.1  X 10~^  Sg-r  f CPj  - 1.15) 

where  Ty  • reaction  time  of  SN  in  seconds,  R.  grain  radius  of  SN  in 
centimetera,  and  £ • 1.0  for  the  detonation  Head  model,  0.07  to  0.09 
for  the  nozzle  theory,  and  0.03  to  0.04  £or  the  curved  front  theory. 

The  approximately  three  times  greater^total  reaction  time  or 
slower  reaction  rate  of  SN  in  the  e:q>losiva  at  ■ 1.15  than  in  that 
at  Ip^  ■ 1.83  (irrespective  of  the  theory  uaed  to  determinj  it)  implies 
a tempsrature  dlfferencs  T2  {p^  ■ 1.83)  - T2  (p^  ■ 1.15)  of  about  6OO® 
C in  agreement  with  the  a(v)  equation  of  stats  which  leads  also  to  a 
value  of  600° C for  this  dlfferencs. 


introduction 

Cook,  Mayfield,  and  Partridge  (l)  determined  the  velocity- 
diameter  D(d)  cxirves  for  ammonium  nitrate  (AN)  in  50/50  TNT-aN  at 

“ 1.55  (cast)  and  ■ 0,9  (loose-packed),  70.7/29.3  composltiou  B- 
AN  (cast  - 1.59)  and  pure  AN  (ojl  ■ I.04).  They  found  that  the  re- 
action time  ( 7^5)  of  AN  in  the  detonation  of  these  widely  different 
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(1> 

where  k',  the  speolTlc^at^  eonatanti  is  given  hj 

k'  - 4 X lo’  Mtp  «3tt>30OArT^  (2V 

Haca^  7^2  aeoftndt^  waa  dst^ttisad  h7  the  detniMjtion  tend.  ■odal^Ctl 
•qaatlon  (2)  was  detemlned  In  this  laboratory  in  isothermal  deeoapoat^ 
tion  studies;  Rg  is  the  average  radius  of  the  AN  in  centlmetera  and  12^ 
is  the  detonation  temperature  computed  by  the  a(v)  equation  of  state^ 
ealc\ilated  temperatures  fbr  the  above  four  explosives  being  T2  ■*  3510, 
3300,  4150,  and  1720^K,  respectively.  The  nozzle  theory  (3)  gaVe  reae*> 
tion  times  ranging  from  O.O4  to  0.12  times  as  long  as  those  given  by 
equations  (l)  and  (2)  and  the  curved  front  theory  (4)  gave  values  of 
^2  I'anging  from  0.025  to  C.0d5  times  those  computed  by  these  equations. 
Hence  the  correlation  between  the  ^'s  themselves  as  well  as  with  iso* 
thermal  decomposition  studies  was  much  better  in  these  studies  with  the 
decimation  head  model  than  with  the  latter  two  theories.  Horeover^  the 
fit  of  the  esqperlmental  D(d)  eozvee  by  the  detonation  head  mod^  wU' 
consistently  better  than  by  the  nozzle  theory  which  in  turn  was  better 
than  by  the  euived  front  theory.  The  oonstai.^  factor  in  k*  would  nec- 
essarily be  in  the  range  from  d to  60  times  greater  thw  the  value  found 
in  ieothsrmal  decomposition  studies  to  agree  with  the  ^ results  found 
by  ths  latter  two  theories^  Factors  ranging  only  from  0.7  to  1.5  are 
required,  however,  to  bring  the  results  for  ths  detonation  head  model 
into  agreement  with  equations  (1)  and  (2).'  Note  that  the  theoretical 
Earring  equation  for  k* 

k>  - kiA  0> 

gives  for  this  constant  the  value  2 x 10^^  e^^  The  values  of  the 
constant  factor  obtained  in  the  nozzle  and  curved  front  theories  for  AH 
were  even  larger  than  k/h  (k  and  h are  the  Boltzmann  and  Planck  con- 
stants) by  a factor  ranging  from  4 to  20.  This  gave  dS'*  values  ranging 
from  2.8  to  6.0  E.U.  The  factor  4 x 109  in  equation  (2)  idiich  was  the 
isothermal  decomposition  value  gave  dS  ■ -3»2  e.u. 

Direct  comparison  of  the  reaction  rates  of  AN  in  50/50  TNT -AN 
at  - 0.9  and  1.55  showed  that  the  reaction  rate  was  about  3.5  times 
faster  at  the  high  density  than  at  the  low  one.  Thia  requires  a temperap- 
ture  about  500^0  higher  at  1.55  than  at  0.9  g/cm.  The  osculated  differ- 
ence by  the  a(v)  scjuatlon  of  state  was  240^0  if  the  rjolecules  CH^OH 
and  CH2O2  are  assumed  to  form  making  use  of  the  equilibrium  constants 
dstermined  by  statistical  mechanics.  However,  by  omitting  the  equili- 
brium equations  for  the -molecules  CK-^H  and  CH2O2  the  computed  equili- 
brium constants  for  wlilch  were  somevnat  doubtful,  the  computed  tempera- 
ture difference  was  about  500^0  In  agreement  with  that  required  by  the 
observed  reaction  rates.  The  Kistiakowsky-Wllson-Brinkley  equation  of 
state  leads  to  about  -400^0  for  this  temperature  difference  ^ it  was 
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*:hmt>mftmM:  eeaHtOBA^tiytt  thtt  a(T)  aqpu^ipR-  »f  8tftt«  ir  Bodt;  better  thus  ; 
thflr  Si^t-B^^iaqaatton  of^  ctAt«  for  50/^  TNT-Air.  J 


an  loads  itMXf’  woXX  W o 8ttt(^  of  the  type  earrivd  out  foi^ 

AM.  The  two  eystenta  ttt  Tseti,  are  amoh  alike  not  only  in  tjhe  nature  of  j 
the  mixtures  but  also  in  the  Shapes  of  the  D{d)  curves.  This  article 
presents  the  experimental  ▼docliy-disueter  (D(d))  curves  for  cast  and 
laose-paoked  50/50  TMT-SM  mixtures  meaaorad  over  the  dimseter  range 
fkam  the  ertkiasT  dlawetisr  d1  aiiatar»  i^t»-afciarefc> 

i Xeasuramsmta  of  the  shape  of  the  front  of  the  detonation  wave  \ 

I were  also  carried  out  for  tik»  TNT-iSN  mixtures  and  are  described  In  a 

I separate  paper  in  this  sympoaiuas.  (5)  They  dhowed  spherical  wave  fronts  ' 

throughout  (aside  from  s few  scattex^  non-reproducible  traces  of  slight- 
ly tipped  or  asysnetrioal  wave  fronts).  The  radius  of  curvature  fi  of 
the  spherical  wave  for  a givan  set  of  eonditione  vae  reproducible  with- 
in ♦ 10  percent  for  both  the  cast  and  loose-pajoked  poduots  In  this 
ease.  The  radiue  of  eurvature/dismoter  ratios  (B/d)  in  diameters  of  5 
and  10  om  and  PI  ^ 1.15  g/oe  increased  at  first  geometrically  (R  ■ L) 
with  length  L but  changed  abruptly  to  the  steady  stata  wave  shape  of 
B ■ BL  at  L • ^ remaining  at  this  valua  for  I > Values  of  B^d. 

were  1*45  at  d • 5 cm  and  1*8  at  d 10  cm.  The  Bj^/d  curves  increased 
from  unity  near  the  eritiosl  diameter  to  about  2.5  at  d • 25.2  cm.  .Hie 
slgolfloanoe  of  these  data  are  discussed  in  terms  of  reaction  rates  in 
referenoa  (5). 

C'-.  ..  ■,  :■ 

EXPERlMEMrAL  METHODS  AMD  BESUUS 


i 


i 


i 


Tha  SH  used  in  the  loose-^jjacked  TNT-SM  mixtures  was  screened 
through  28  on  48  nesh  standard  lyier  screens.  Closer  screen  outs  were 
taken  for  the  cast  eharges.  UhlXe  the  effect  of  particle  else  wae 
oleerly  evident  end  eecmed  to  follow  the  Ryring  surface  burning  law«  it 
was  too  small  in  this  case  owing  to  the  small  range  of  slses  available 
for  quantitative  study  of  the  RTring  surface  burning  model  other  than 
by  the  D(d)  curve  itself.  The  THT  used  was  the  regular  flne-gralxied 
product.  The  looee-packed  charges  were  vibrator  packed  In  manila  paper 
tubes  end  densities  determined  by  total  weight/total  volume  measurements. 
Cast  charges  were  poured  also  in  manila  paper  tubes  using  6-8"  "heads" 
which  were  removed  and  only  th<>  bottom  portion  of  length  L > 6d  was 
used.  Velocities  were  measured  primarily  by  a pin  oscillograph  (6) 
although  a high  speed,  rotating  mirror  camera  was  used  to  measure  velo- 
city in  the  emalleat  diameter  charges.  Pin  oaciUograph  measurenants 
were  made  in  all  oases  at  L > 3d. 

In  initial  studies  (7)  with  50/50  TMT-SN.  the  Ideal  veloolty- 
denalty  (DI^Cp^))  curve  was  calculated  from  the  a(Y)  equation  of  state 
and  the  ’univeraai’  o(y)  eux^e  established  primarily  with  C-H-N-0  ex- 
plcsives.  ”^.e  D(d)  curve  at  d - 25*2  cm  for  the  low  density  product 
was  only  20v,  m/aeo  lower  than  the  calculated  Ideal  velocity,  and  this 
curve  appeared  still  to  be  increasing  at  d ■ 25*2  cm.  The  D(d)  curve 
for  the  east  product  was  flat  for  diameters  above  d * 12.7  cm  and  the 
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ebaerrad  TtlodtsT  was  250  ib/mc  hlgts»r  thAn  the  calculated  Talue»  Tc 
detcn^TO  D*  at  the^  low^  end:  of  the  D*^(pj)  curra,  therefore>^^  two.  charger 
of  50/50  TWT-SN  at  d ■^-2&ea  were- prepared  tieing  ball-milled  SM,  Tfaeer 
results  (with  correct  lone  for  density/  dxecked  rery  closely  the  Tslnsr 
found  at  d ■ 25.2  cm  with  the  -28  ♦ 48  mesh  SN  indicating  that  the 
velocity  had  reached  the  hydrodTbaaic  one  (D»)  at  d - 25.2  cm.  Aesom- 
ing.a  linear  D*(P]^)  e\irve  this  result  together  with  the  large  diameter 
values  for  .the  oast  prodnet  established  the  experimental  D*\Pi)  carve 
fss  50/5(1  TMT-5M  in.  r4g^i  1^  ecjuatlou  for  0^  vse. 

D»  - 4100  ♦ 2580  - 1.0)  (4)^ 

Using  the  idope  2580  m/see/g/ee  to  correct  the  velocities  of  the  eaet 
product  to  p]L  " 1.83  and  those  of  the  loose-packed  one  to  pi  ■ 1.15| 
the  velocity-diameter  curves  given  in  Fig.  2 were  obtained*  ' 


THiSMO-HIIHODmMIC  PROPERTIES  OF  50/50  TNT-SM 

Thenno-hylrodynsnio  properties  wrs  computed  by  the  inverse 
method  using  the  e^ati^  of  state  (8) 

pv  - nRT  #*;  X - K(v)/r  (5) 

and  the  observed  D»(p,)  data  (equation  (4)).  In  these  calculations  the 
molecules  CH^OH  and  Cn202  were  nsgleotod  oven  though  the  calculated 
equilibrium  conrtants  indicated  that  they  shotild  be  appreciable  at  high 
fogaelty*  The  reason  for  roglecting  these  molecules  as  mentioned  pre- 
viously was  the  uncertain'*  / in  the  theoretically  computed  equilihrixoa  ' 
constants.  The  results  cxf  those  osculations  are  given  in  Table  I to- 
gether with  a coQq)ariaon  of  the  calculated  o(v)  curve  end  the  ^univer- 
sal’ one  equation  (5)  being  identical  with  the  o(v)  equation  of 
state 

pv  - ifiT  ♦ «(v)  p 

with  6*  - v/(v  - a).  The  mAximun  difference  was  0.02  1/lcg  in  a and 
occurred  on  the  low  density  side.  The  difference  corresponds  to  a 
velocity  difference  of  about  200  m/soo,  ^ch  is  just  outside  the  range 
of  experimental  error  in  velocity  deteminations  at  low  density  owing 
to  density  and  composition  fluotuatlons* 


p.£acti(;n  rate  iictebmii;ations 

Using  the  values  D»(1.83)  - 6240  m/seo  and  D»(l.l5)  ■ 4390 
a/eea,  the  experimental  D(d)  curves  were  analysed  by  the  nozzle,  o\irved 
front  and  detonation  head  theories.  Although  a careful  study  of  the 
noBzle  theory  shows  that  such  is  not  necessarily  the  case,  Taylor  (lO) 
states  that  a plot  of  (D«-/d)2  against  1/R^  should  give  a straight  line. 
Also  the  Initial  curved  front  theory  indicated  that  a plot  of  D ve.  l/d 
should  give  a straight  line  although  the  more  recent  formulation  of  the 
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oomdifMk  tinosr  tboMa  that*  tUL«  too  is  Bot_^  e*«o..  AeoordF-^ 
ingiy  tho  data  dbt«2ii«t  boro  ara  j^ttod  both  as  1/tr  Ta.  l/^^  aod*  aa 
0 Tt.  l/d  in  Hg.  3.  Qnavill  mta  that  tba  Tiylor  oondltioir  ia  appaa* 
adaatalr  aatiaflad  for  eaat  aodatol^  bnt  Tor  tha  looaa-iMeked  prodnet 
tha  earn  diffara  vidalr  firoa  a atrai^  Una  both  at  nail  and  larga 
ddaeMtava.  Tha  eorra  at  lov  density,  ho%ravar>  doaa  act  asraa  la  ahapa 
viUi  tha  noasla  thaory. 

Valaf  tha  aeaila  thaocr  diractlx  aadLtha  aoat  caaaBh  iagmiSLm^  j 
tloa  of  tha  eanrad  front  thaoi7  tha  following  valuaa  of  tha  raaotios  i 
aona  langth  «u  ware  obtained  iiott  oenpatations  at  Tarioua  aalnaa  of  i 
D/D<^  aerosa  wa  0(d}  earraa.  i 


lostla 


I.$3 

<1- 

1.15 

<l(Oi0 

d(aO 

5.a 

3.t 

la 

5.0 

1.32 

4.45 

i»k 

7.5 
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6.30 

1.7 

10*0 

1.50 

6.4 

1.9 

10 

12.5 

15.7 

2.4 

2.5 

17.0 

2.2 

•0- 

1.9 

Oeanrad  Front 


1.63 

<*1- 

1.15 

d(e80 

•o(«) 

d(<«) 

3.2. 

0.6 

3.2 

0.67. 

4.3 

0.6 

4.65 

0^73 

6.65 

0.51 

9.1 

0.76 

9.15 

0.39 

15.0 

1.20 

30.2 

0.36 

? 1 

■ 0.6 

•12.0  . 

Q.15 

•0 

ar#a# 

flii  detonation  bead  nodal  leade  generally  to  a better  fit  of 
tba  0(d)  oonraa  tbn  either  of  tha  abore  theoriaa.  EoweTer,  in  thia 
eaea  ^a  ehapa  of  tha  otunra  ia  eueb  that  tha  reaction  tiao  Tg  for  SS 
in  tha  oaea  of  tha  low-density  nixtura  ia  aery  aensitira  to  tno  parti- 
cular Talna  ona  ealaeta  for  0*^*  For  tha  oaat  sodatol  ^9  ^ 

aenaitiTa  to  tha  Ydua  ona  ohooeaa  for  D*^  and  moraorar  1h  ^ th^  oaaa 
could  bo  readily  a at  abllehad  without  ambiguity.  Using  D*  (1.15)  ■■  4700 
m/aao  (oooputad  ftoa  the  uCt)  curre).  for  example,  To  vae  about  160 
peeo,  .and  \hi$  gcnsral  fit  of  the  D(d)  eurra  waa  excalleiA  for  d > 3 ea. 
Bowavar,  using  tha  experimental  value  ]3*^(1.15)  * 4390  n/eao  ona  obtains 
fi  - 60  pace.  Daspita  thia  ralatlvany  large  difference  tha  compitad 
D(d)  curve  for  7^  • ^ paao  wae  etiU  within  exper^Tanual  arror  of  tha 
obatfvad  data  for  d > 3*0  ob  (Fig.  4). 


While  tba  fit  by  tba  detonation  head  medal  at  oaall  diamatara 
waa  not  perfect,  tha  (for  TNT)  values  obtained  were  conaletent  for 
both  Bodatol  and  aa&tol.  In  both  oasaa  waa  6.5  pseo  in  the*  east 
producte  and  increased  to  20  pseo  and  26.5  paeo  in  the  loose-packed 
amatol  and  todatol,  respectively.  Thia  inoraaee  was  about  the  same 
relative  amount  as  for  (for  AN  and  SN)  in  going  from  the  cast  to 
tha  low  density  Bdxturea. 
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b»  narwgfd^  in  tMa  ef  tte 


r. 


m 


liiidi  mtj  b«  fhoia  to  to  oonototont  with  roiolto  obtainod  Id  ^o  otik^ 
and  hao  boon  woriflod  quantitatiotlj  ia  proriout  otodloo.  The  roiulia 
of  thooa  itudiaa  Mgr  thorofon  bt  MaaorlMd  Igr  tin  oyattona 

C7J 
(B) 


- 2.1  a fpj^  - 1.157 

- 6.8  X 10”^  I^‘f  (Pj^  - i.05> 


whoro  f ■ 1.0  la  both  ogoatloao  for  tho  dotonatloa  hoad  aodtl  (Aroa  tbo 
arorofo  a^)^  f « 0.09  ^ 0.07  in  tgiMtionM  (7)  and  (6),  roopoetlTolx 
ibr  tho  asnlo  tbooqr.  tad  (fM  tho  avorofo  a^)  f ■ 0.04  and  f - 0.Q5 
for  oqaatloa  (7)  and  (8)»  roopootlroSji  fOr  tho  Aurrod  front  thooiy. 

Aa  ia  tho  eaoo  of  AM  in  oaatol^  tho  roaotioa  tlao  of  8M  ia 
oodatol  iaoroaood  hr  • faebor  of  about  throo  la  dooroailag  tho  doaoitx 
froa  ^ ■ 1.85  to  7^  • 1.15.  Thla  ahoira  that  tho  doionabioa  ta^pwa 
taro  iaeroaood  with  doaaitgr*  Xf  ono  aaauato  (l)  that  tho  aetioatioa 
oaorgL*  of  Si  ia  tho  oano  ao  for  doeoapoaitloa  of  SN  (6l  keal/Ml)«  (2) 
tho  tinparataroo  la  Tablo  ( and  (3)  tho  ogoatioa 

(9) 


k*  - At 


lio  Talao  fbaad  Igr  tbo  dotonatloa  hoad 


of  abooittto  roaotioa  rato  thooiy* 
oat  to  bo  3.0  la  afrooaont  with  tho 
nodal  and  (withia  tho  Unlta  of  oaBortaiatj)  with  tho  valaoa  fouad  hf 
oithor  tho  noaalo  or  eonrod  Awat  thooiy.  Thio  ohova,  aa  la  tho  eaao 
.of  anatolj  that  tho  a(T)  oguatlon  of  atato  ia  oaaoatiaUj  oorroot.  Tbo 
Klatlakowalgr-Wilaoa-Brinkloj  oquation  of  atato 


nRT  (1 


♦ a o 


*)l 


KT 


■lAi 


glvoa  for  ToCl.dS)  - 7(1.15)  a raluo  of  about  ->500O.  Thla  would  roquiro 
bjr  oqoatlon  (9)  a ratio  ^2^1.15)/f’2(^*d3)  of  about  0.3  which  ia  t<n 
low  ^ a factor  of  about  ton. 


Tho  romarkablo  oonaiatoncgr  of  tho  detonation  head  model  aa/  bo 
ahown  aleo  by  noting  the  absolute  ralues  of  k'  found  in  thio  Inrentiga- 
tion  in  coapariaon  with  those  for  AN,  TNT,  and  others  found  in  prorl^ 
atudies.  Valuee  of  k*  for  SN  oooputo^  from  equation  (6)  were  10°*'3 
for  tho  low  donsit/  product  and  for  tho  cast  prodaet.  Equation 

(9)  with  AU  • 61  kcal/nolo  roqulree  AS^  » 2.0  E.U.  to  giro  these  ral- 

ooo  of  k*.  This  Talao  ia  pra^icall/  the  sano  aa  that  found  for  AH* 
Again  Taluee  of  AS^  from  ♦ 3 to  ♦ 6 S.U.  are  required  to  giro  the  toI- 
uoo  of  k'  ono  coaputeo  through  o^ationc  (6)  and  (9)>  Positivo  roluoa 
of  A3^,  howevor,  eeea  highlj  iaprababl/  for  a prooeso  such  as  thio. 

Whilo  autoeatal/sis  leads  to  positive  valuee  of  AS^,  autocatal/sio  can 
hardly  oone  into  play  in  a surface  burning  reaction  of  tho  t/po  in- 


volved in  detonation. 
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qcaMtl  Inteoaiwttott 

P»toWLtloB»  feta  & ohflolotl  vitw^^int*  i«  euBmatSMlXT  ■» 
Mctm^  x«piA  •s>tbMml  r«40tloa«  but  tiMvtt  is  Uttl*  oartuift  ‘ 
•vidanM  to  ahov  tbot  ttdo  r— otion  for  toar  gisca  initiator  la  siaplar 
tfaa  tfaotttiJL  dtocB^ooitlcn  roaotioa  sreatSor  tootOaraMl  by  oxtrcoo 
pl^sioal  oondlti<^«  HoNrator*  it  veuli  smb  a clear  oaderattaaiiV 
of  the  kinetloe  at  the  Lonr-rate  Aeoo^oeitlott  of  InLtiatore  aM  cf  the 
deooeqpoeitioa  that*  unier  eui table  oMiltlom^oaa  be  obeerted  prior  to 
datonatloa  la  a neoeaeasy  preoureor  of  aa  ua&eretaxdiog  of  the 
oheoletxy  of  detonation*  A etu^  of  the  reaotioa  kiaetioe  of  the 
deooiq^iBdtion  of  lead  aside  is  therefore  being  aade  at  the  AmaBtaot 
Baeearob  Batabliehaent  in  Great  Britain*  Ito  far^  wodc  hae  been 
ooo^leted  on  the  photolyaie  and  eleotron  boohardaent  daecopoaitloa 
unler  taounB  of  pure  alpha  lead  aside  and  thin  paper  will  deal  aairfly 
ifith  these*  Beferenoe  will  also  be  oade  to  a stu^  of  the  thenal 
deoaoposltion  of  lead  aside  at  ooderate  teatperatureof  whioh 
experLoentaUy  haa  reaohed  a fairly  adwanoed  stage  and  to  ioae 
preliminaiy  resulta  obtained  at  higher  temperatureay  where  the 
deoomposltion  paaaaa  into  detonaticn* 

Deoompositlon  of  Asides 

The  study  of  solid  reaotlona  haa  aade  rapid  progreae  in  raoeat 
years  aiaoe  the  iomortanoe  of  lattioe  defeote  was  pointed  out  by 
Freakel  (,1 ) axtd  'fagnar  ood  sohottky  (2)  aad  further  ia^etus  was  ^ran 
by  the  developoent  of  tho  theory'  of  eleotrooa  la  aolldn  (3  *ud  A)* 

The  first  defied  aluoidation  of  a solid  reaction  ueing  these  ideas 
vae  given  by  Gurney  and  Mott  (3)  for  tiie  pbotoohemioal  prooeaa  taifiag 
plaoe  in  silyar  broaida*  Zn  reoent  years  oonaiderable  attention  has 
been  given  to  the  netallio  asLdee  (6  to  17)*  There  is  a aerlea  of 
these  of  the  general  foruula  MN«  for  noxuvalonijlINg  for  divalent 
Bstala.  and  they  all  deoompose  aTOiohiottetriaally  under  suitable 
oondltiona  aooordlng  to  the  equatioas 
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2 af  >3i% 

th»  rtaatton  om  W #1(yai«4  Hy  aatnirin  1li»  ¥uUd  ^ 9t  0^ 
yt9Mmw  at  idtrog^n  la  a Tamua  ayrntm*  ThaMooh«leaI  data  abovs 
that  tha  doocnpoaLtlon  of  ona  aaida  radloal  gXra  a aitvotta 
plua  a flltrogaa  aton  la  aadothatBio, 

- 37.^*oa2a* 

aharaaa  tba  daooapoaitioa  of  tao  asida  raaloala  to  gLva  thraa 
nittogaa  oolaoulM  la  aaothaadOf 

2^3 ->  5^2  ♦ 151  k.oala. 

and  anat  ttalhoda  of  dooo^aitloix  involaa  tha  lattar*  Sn  tha  otyatal 
thara  la  aoaa  atahiliaatlon  by  raaooanoa  but  tbla  la  low  for  aMtala 
idth  hi|^  ioidaatlon  potautialg* 

Sha  kinatloa  of  ttia  tharaal  daooB^altioaa  of  laad»  aodlua  aad 
potaaaluB#  oaXoitai*  atrontlaa  aad  barltn  aaldaa  bara  baan  ataSiadt 
(6  to  15)  bat  tfaaaa*  am  not  ba  diaooaaod  hara*  iha  ptotof^aaloal^ 
daooopoaltioaa  of  baxlua  aa&  potaoaioa  aal&aa  (11*  1l>9  15)  aad  ttta 
aXaotroa  bosiibarSAaat  daooapoaitiott  of  aodiva  ax^  barlxa  aaldaa  (1b 

and  18)  Uto  alto  bats  atudlad* 

« • * ■ ' 


gia  ghotolrala  of  BariLvax  and  PotaaaiuBi  AalAaa 

Sha  raflaotioa  apaotra  of  barlua^  potaaaiun  and  aodioa  aaldaa 
bava  baaa  aaaaurad  by  JaoOba  and  Soapklxui  (^15)  and  it  vaa  found  that 
abaoiptioa  of  aaToIangtha  ataortar  than  2700  to  2800  I took  plaoa* 
tbay  found  no  avldanoa  of  pbotooonduotanoa  in  tbeaa  aalta*  Tba 
pbotoZyaia  of  bariun  aalde  baa  batt  ixxroatigatad  by  Gamar  and  Kidga 
^11)  ai^  in  oora  detail  by  Thonaa  and  Toapldna  ^14)*  The  latter 
found  tiiat  on  irradiation  with  light  of  wavelength  2$37JI*  nitsogaa 
la  evolved  and  the  rate  beocoMa  linear  with  time*  Zn  freah  unirrad* 
dated  bariuB  aaide  there  ia  an  initial  faat  rate  of  deooragoaitioii^ 
wfaioh  gradually  deoeya  to  a oonatant  value*  Between  •^06r  and  40X 
tixa  rata  ia  proportioaal  to  the  aquare  of  tha  iotenaity*  Betveux 
•108^  and  ••52P  tha  aotivation  energy  ia  200  oala««  between  and 
-10^  1700  oala*f  and  between  -10^  azd  the  aotivation  energy  ia 
JL500  oala*  reaulta  have  been  obtained  by  Jaooba  and  Tcnpldna 

(15)  for  potaaalia  aaide*  An  ianadiate  eodasion  of  nitrogen  oooore 
at  a rate  whioh  inoreaaea  slightly  for  tha  first  five  minutes  and 
then  beoooes  oonatant*  at  a rato  proportional  to  Z^«  Activation 
exiergiea  of  700  oals*  below  1^0*  and  2*700  oala*  above  1^  were 
obtained  and  alow  deoomposition  was  found  to  oontinua  after 


switohing  off  the  Ught  aouror  • 


Aooording  to  Thocaaa  and  Tompkins*  absorption  of  a quantum  of 
li^t  must  exoite  an  eleotron  either  into  the  axoiton  level  or  tha 
oonduotion  baxkl*  They  then  oonaider  that  it  ia  likely  that 
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dMOB^oflti^  tavelM*  t«a  posltlrv^  boln  or  oxoitons  «hiofe-ou«t  h% 
trapped  at  adjaoeat  alias*  Poaitlas  holes  in  the  lattioo  will  bt- 
haU^part  by  their  ohargea*  and  reaotion  with  the  low  aotiwation 
aaK^  found  eaperiioentally  will  ba  poaaible  only  if  the  centra  as  a 
whole  is  unohsrgedj  i*a«  the  trap  is  a doubly  ohargad  vMant  oatioa 
^te»  Xtas  rats  of  daocapoaitioa  is  oonatant  and  thus  tbs  nunber  of 
^MSS  ^^*tl**S  4tvii»j^oi^ow4i  *tv^  SSSAtioa'BUlSh  thSSif  QBd 

regenerata  a trapi^jag  oantra*  Thomas  and  TompVlris  first  oonsider  the 
rate  of  deoompositioa  as  prq^tioul  to  the  rate  at  which,  traps 
containing  two  poaitiws  holsa  are  formed*  The  foimatdon  of  traps 
containing  one  poaitiwe  hole  is  proportional  to  tho  oonoentration  of 
frss  pool  tiro  holesi  while  ttxay  can  bs  destroyed  in  three  waysj  by 
trappix^  an  eleatrsn,  by  thersud  libexatLoa  of  the  hole,  and  by 
Mansion  with  a neig^ourisg  poaitiwe  hole  giwihg  tha  ':aeaaursil 
rsaotion  rata*  moans  of  a detailed  analysis  of  an  h factors 

and  Tcqpkins  obtained  an  expression  for  'ths  rate  of  formation 
of  traps  oontaining  two  positive  holes  and  then  shoved  that  if  tha 
te^a  ara  da^»  the  rate  of  deoooq^sition  is  proportional  to  Z rather 
than  Z*  as  foin^  experinentally*  Zf  tha  traps  are  ahallae*  hoverer^ 
the  teapemture  dependenoe  ie  inoorreot  and  the  mobility  of  the 
posi^ve  holes  should  giws  photooonduotivity*  Thomas  and  Toopkina 
suggest  that  the  meohsnlea  inroivsd  two  exoitons  and  ahcrv  by  a treat- 
Bsnt  to  that  outlined  above  that  the  experimental  faots  osa 

hs  explainsd  in  terms  of  this*  Tha  differsnoe  is  that  exoitons 
having  no  net  oharge  can  be  trapped  at  a^y  discontinuity  in  the 
lattioo*  The  tesporature  dependenoe  found  is  explained  in  terms  of 
woo  possible  prooesses  for  the  reaotion  together  of  the  exoitons^  one 
tttllisiag  the  energy  released  by  the  trapping  of  one  of  the  exaltons« 
and  Uie  other  repxiring  thermal  energy  from  the  lattioe* 

The  Bleotron  BoBibsrdment  Decomposition  of  Barium  and  Sodltia  Asldee 

The  electron  boohardment  decoaposition  of  sodlun  aside  has  bean 
studied  by  uClUer  and  Brous  ^16;,  and  Grooooolc  and  Tcmpldna  ^16)  who 
also  ixxvestigated  baxiua  aidde  this  teohniqua*  They  found  that  on 
bonbardaent  of  both  ooQpounde  with  aleotrona  of  oonatant  velocity  and 
intensity  there  vae  an  immediate  evoXatioa  of  gas  and  that  tha 
decomposition  rate  rose  quiokly  to  a marimun  and  than  slowly  deoeyed 
approximately  expocentiaJUy  finally  to  approeioh  a constant  rate  after 
long  periode  of  bombardment*  If  now  bombardment  was  stopped  and  the 
salt  was  left  under  high  vacuum  for  eome  hours#  on  reconuenoing 
bombardmextt  the  rate  of  deoemposition  waa  found  to  have  recovered 
completely  and  the  first  curve  ooxxld  be  repeated  exactly*  Detailed 
investigation  showed  that  the  recovery  prooeas  had  first  order 
kinetios*  Ho  colour  change  was  produced  by  the  boobardmont*  The 
variation  in  the  deooapositioa  rate  witli  the  intenaily  of  bombard- 
ment was  complex  but  all  the  results  could  be  adequately  explained 
in  terms  of  a theory  which  postulated  that  the  ao^on  of  the  eleotrcu 
beam  was  to  produce  positive  holes  and  oonduotion  band  eleotrons  in  a 
relatively  thiok  layer*  Deoompesition  to  give  nitrogen  ooourred 
whenever  two  positive  boles  were  produced  in  adjacent  positions  in 
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th«  flutfaioT  tfaar»foro-  tbo-  vooet£o»  wm  eostcollod:  tbo  nuaiber  e^' 
oiagl*  gurf«ce  poaltlTg:  tolt»  pro— TU*  i&  tncxrww  dotendBo& 
bj  tbd  ooDoentrattoa  oT  «tid«  ion*  in  tb»  do^por  liijjrnr  pooetrotad  bjf 
tte  aLBOtroa  beta  but  v/hare  deoompoftitioa  did  not  Mce  plkoa*  Tba 
roooTMQr  proooM  wm  seen  in  tema  of  tho  roocmblnatton  at  ppaitiTO 
bolM  axA  aonduatioa  band  eleotrona  in  this  loirer  Isysr* 

the  Photolysis  of  a-Lesd  ijddo: 

j&cperimental  detslls 

The  apparatus  consisted  of  the  reaotloa  cell  A (Flg»l) 

oonneoted  to  a high 

I TraouuBi  fl^steBi  ooBmrlsing 

‘ a PiraiA  gaugs^a^^ 

liquid  nitrogen  a 
nerouxy  out-off  and  a 
iaerour7  diffusion  puap 
Tdtb  a rotary  oil  puoi^« 
’XbA  aside  vas  oontained 
in  a flat  imj  of  pyrtx 
glass  12  iac&*s*  ia 
disaster  and  the  junotloa 
of  a copper  oocstantea 
tbenao-ocKqple  was  scaled 
with  Araldite  into  a 
groove  grouni  into  tlao 
face  of  the  trey*  Usiag 
this  the  teo^erature  of 
the  aside  oould  be 
aeasured  and  the  values 

are  aoourate  to  0«2^«  the  j^aai  gauge  had  a sensitivity  such  that 
presstBre  differenoies  of  ixKT^ttBs*  oould  be  deteotod  easily*  The 
ultra'*violet  light  was  obtained  using  a low  pressure  merourv  vapour 
2aap  having  90  per  oent  of  its  total  mdiation  in  tise  ZSJTa  llu* 

A o^bration  ct  Intensi'ty  of  radiation  against  ourrent  through  the 
laiep  was  obtained  with  excellent  reprodviolbillty,  using  a sirooniue 
oathode  photooell  eenaitive  in  the  ultra-violet  only* 

Meaauretnernte  of  rate  of  deoocq>ositloD  against  tins  '.vere 
obtsined  as  fcUowsi  The  tine  Atl,  for  a eaall  pressure  inoreaee  ia 
the  syctera  olosed  by  tba  out-off  was  measured;  this  part  of  the 
apparatus  was  then  ^iokly  ptn^el  out  end  the  tine  At2  for  the  same 
saall  presaure  inoreaee  moa^aured  again*  As  At  is  snail  ^ ia 
proportional  to  the  rate  of  deccBpoaitlon  at  tins  t«  and  from  a eerioe 
of  values  of  At»  a plot  of  rate  of  deooppositlon  agi^nst  tine  oen  be 
obtained  for  any  period  of  deocaapooltion,  while  the  pressure  within 
the  out'-off  aystsa  varies  between  small  Uxalts  only*  This  technique 
has  tbs  further  advantages  that  meas.irecienta  are  iralependent  of  ^ 
shape  of  the  Pirani  -^auge  oalibration  ourve  and  that  the  resulting 
rate  of  ohenge  of  preaoure/time  curves  are  more  useful  theoretloally 
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tfafta  tb»-aor»  proMw/tlai:  aamm*- 


?lg«2  ahovs  plot  of  rata  of  daocoposition  against  tlaa  for 
tha  ]^iot^jtsiB  of  40  Bg»  of  r-lead  aside*  The  ten^erature  of  ^bM. 
aside  rose  fronr  to  7*0' ;t  0*2^  during-  tha  first  ten  aioatas  of 

the  photolyais  dua  to  tha  heating  effaot  of  tha  beam,  but  in  view  of 
tha  law  aotlratlon  energjr  of  tha  reaotion  (reported  later)  tbla  would 
Inoraaaa  tha  rata  by  on3y  2 per  oent  and  no  oorraotion  la  therefore 
nada*  Gas  la  evolved  imLiedlataly  on  oewnanoiag  tha  irradiation  and 
tha  rata  reaohaa  a uiajdmum  within  a few  minutas  and  then  falls 
appcvMbOhing  a oonataat  value  after  aoao  hotirs*  Batbeoatioal  analysis 
of  this  and  other  daooDpoaltion  oxnrvao  shows  that  tha  final  daoay  la 
rata  is  asponantial  in  foxmi  * ' 

i*a*  S - ■ (ilo  > exp  (okt) 

trtiara  R is  tha  rata  of  daooBspositloa  at  time  t.  Ho  ia  tha  rsto 
extrapolated  to  sero  time  and  R^ia  tha  rata  approached  after  pro- 
longed photolysis • 
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This  ajqponantlal  decay  in  rata  ia  held  fairly  olosely  for  tha 
later  atagea  of  the  photolysis,  but  In  all  oases  in  the  region 
Immediately  following  the  maad-niw  the  rate  was  too  high  to  aooord 
with  an  exponential  deoay*  Aa  the  temperature  is  low  at  this  time 


aaei  tbe:  «ffeot^  of  the  initiftl  rise  will  fttill  b*^  tainting  to  roduoo 
tin  rvta,  tMa  resvdt  la  unaxpeotodL*.  HliMzi-a.  fiw  nlnutoo  of  tha  . 
oaaaenoenaat  of  the  pbotoZyaia>  the  attrfaoe  of  the  oaldo  bad  heoene 
notioeabljr  yelXov,  ajad  the  oolour  rapldOj  darkened  oreage  to 

hroinif  and  finally, blaok* 

After  ^ olnutea  the  Irradiation  vaa  stopped  but  gan  oon tinned 
to  be  erolTed  although  at  a mooh  reduoed  rate«  This  "dark  rata* 
deoajod  rapidly*  end  after  eboot  on  hnr  was  V5t7  r On  reooanen»* 
log  Irradiation  there  wae  again  an  inmediate  evolution  of  gas  at  a 
rate  which  inoreased  rapidly  to  a constant  value«  but  lower  than  ths 
rate  at  which  irradiation  hai  been  stopped*  The  dark  re  lie  wae  ohedced 
after  allowing  the  aside  to  stand  unirradiated  in  high  vaouua  ovet^ 
night,  and  then  had  a very  low  value  probably  aooounted  for  by  the 
outgaasing  of  the  apparatus* 

Re-irradiation  ag^in  showed  a rise  to  a constant  value  lower 
than  the  rate  at  which  the  previous  irradiation  had  been  stopped* 

Variation  of  nhotolysla  rato  with  tempera  tore  . . 

The  rate  of  decomposition  at  constant  intensity  of  illtroinatiy 
was  measured  at  several  temperatures  in  the  range  - 117^  t 171 
end  in  all  oases  the  general  form  of  the  rate/time  curve  was  the  same 
as  that  outlined  above*  Values  of  R^were  seleoted  such  that  plots 
of  log  (R  - B«)  against  time  gave  the  best  possible  straight  lines 
and  those  values  of  B*,  were  then  plotted  in  a conventionail 
activation  energy  curve*  (Fig *3)*  This  graph  of  log  S«  against 
1/T^  has  three  straight  regions  of  different  slopes;  above  12vO 
there  is  an  activation  energy  of  3»300  cals;  between  121^  end  some 
tessera ture  below  -60^C  it  is  1,000  oale,  and  at  very  low  tes^ratuas 
tha  reaotioa  has  a:a  activation  energy  of  less  than  350  oals* 


TO 


toe 

SATV 


TS 


y o 


^TOOCAtl 

ACnVATfON  CNEMO' 

'•  3-30  niM  # 

H 

1 

'a«*c 

>,.  (poocAia 

osocAia 

!-*onc 

0003 


OOO) 


0004  OOOS 

T’K 


0004 


OOC7 


416 


-14^:  vaj  itiVY  / KCS. 


: o 


VkrlAtion  of  photoly^s  rat»  with 


Tha  Intanalty  of  irradiation  waa  variad  by  altatdog  tisa  ourrasst 
paaaiag  through  the  mercury  vapour  lai^  to  oorreepot^  vdth  tha  nhotO" 
oall  o^hration  ousrve*  aa  noted  above*  Tvro  temperaturesf  7*^^ 

102*3  w war#  uaed  for  thasa  aa^parinentaj  at  Icwer  teuperaturesf 
axo<7t  at  maadmun  intaxxailgr  of  irradiation^  the  rates  of  deoompoaltloa 
waca  tog  Icar  ta  ha  aeaaucad.wUh  anfflodimt  aooMraoy*.  Xba  prooadUM 
adopted  iraa  to  irradiate  a fresh  saxaple  of  tha  aside  at  the  mAytmi^ 
intensity  until  the  rata  was  falling  only  vary  slowly*  'i'ha  intensity 
was  than  reduoed  by  a kncfwn  amo'uit  and  irradiation  oontinuad  while  12 
readings  of  rate  were  taken*  thbse  in  general  showing  merely  a soattar 
about  a constant  value*  Their  mean  could  therefore  be  taken  as  the 
dsoempoaition  nts  for  this  intensity*  Sy  suOcessivsly  roduoix^  the 
ourrent  through  fixed  amounts  a aeries  of  readings  of  rate 

against  intensity  ware  dbtsined.  Although  the  bath  temperature  was 
kept  constant  throughout  a xnxn*  the  varying  intensities  of 
tion  used  sffsoted  tbs  aotual  tes^eraturs  of  the  aside;  the 

tso^sraturs  of  the  salt  at 


was. 
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maxlimia  illumination  was  to 
3%  higher  than  that  of  the 
unilluainated  salt*  However^ 
this  oorrsspended  to  a rate 
change  of  only  3 per  oent  end 
was  not  thsrafore  oorreotsd 
for*  The  results  obt/>ined  at 
the  two  tsR^eratures  are  shown 
graphed  in  Flg*4*  Zn  both 
oases  the  plot  of  rate  against 
inteasily  is  a good  straight 
line  passixig  th^ug^  the 
origin*  The  rate  of  deoao^s-* 
ition  is  therefore  proportional 
to  the  intensity* 
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^i*^*^**  °“®  two^  poattiTtt:  hoa»*-iB«» 


l«e*  ^a  the  rate  has  falI«a*to  oitrogoa*  At  equilibrii 
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^ as  the  mimbsr  of  traps  reraaia  ooastaat  N ■ a * m m 

and  p_  ^ prc^rtloaal  to  the  iateasity  of  irr2liAM«I  K 

0 I sad  p ■ O.I.  Solutioo  of  thasa  P ■* 

eSpressioa  for  the  measured  ratsr  ^ folloiiaft 
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3<?  *0,^  *o\oJi  <«^^*eLjlc 


the  rate  will  be  proportloaal  to  l.  n ...ji  j.  ^ 

unity  aad  are  likelytobesaall  as  2r 

positive  holes  will  not  be  ^ the  eleotroas  aad 

of  a oaUoa  vaoaaoy  S^atSirS^tro  UfotSsie 

vl«7  Of  the  loTSu^tlw^r^of  Sf  ILSS?"  ^ 

iargai  therefore  uzaess  I is  lAvam  *h?*  Pfooess  so  k mi\st  be 

I*  At  very  high  iataasities  ths^nAi^  *^8Uld  be  pvoportloual  to 
lateasitjr.  Although  the^bov^Loh^S^ll^*®”*  iadypeaSeat  of  the 
ooadootion  baad  eleotroas  it  dees  poslttve  hole*  sad 

Ptoto«^uo«ljity.  for  tha  r^otJoTJoSSrSS.^SwSS-a  * 

oeatres  undoubtedly  aive  riss  *«  ^^ooieted  with  the  resultiag  f 

f«“Poaitloa,  The  tlaokoniag^bJ^S^e?fSthsS^S"*^ 

Indioates  that  ooaleuoenoe  of  a Pb^ioal^^/S^  Ajompositioa 
plaoe,  the  aside  lattlos  *oaa  with  2n  F^oeatres  is 

Ltalil,  loJlJa  ""*  “*  **'*"*^” 


initial  differential  «miA«  « # ««ataat  H . requires  solution  of  the 
folSS4n^«1S  coaditico..  .bT 


Rate 


3 I 1 - oip.i  ^ lit  ♦ 2p^  » 2pj  . I 


i«e*  ftn  eqioation  of  iho  fom* 

•0  . 

j|  • a ^ - eaqp*  (-  at)J7  ♦ T (-  ^)  - 1l7 

Sill  •q^Atioa  is  tba  mm  of  tiro  exponoatl^  tomui  tha  first  of 
wfaidi  is  $Mfo  st  t ■ 0 rises  to  a taaximiaa  vhen  t «>« ^ axid 
ths  ssoonl  of  vMoh  is  ssro  at  t ■ 0 azid  then  falls  to  a olninMa  rJ^ 
■ • T whan  Z •>«§•  Zt  gives  a very  good  qualitative  representation  of 
Idas  sxpsriastttal  etirve  provided  certain  conditional  such  as  that  hotta 
a sad  fi  are  positive^  are  Batlaft,ad^  Further  sxand. nation  sluara  in. 
genera^  that  these  oonditiona  are  fulfilled* 

A *dark  rate*  is  logically  predioted  by  the  above  tiisory*  Vhsa 
the  irradiation  is  stopped  production  of  positive  holes  and  i^s 
elsotroas  will  cease  and  a source  of  energy  will  be  rtBooved*  but 
double  positive  boles  trapped  at  cation  vaoanoies  will  oontinus  to 
deooo^oas  uninolsculaxly*  Furtheroore  free  positive  boles  and  those 
released  froa  shslXov  traps  will  oontinus  to  be  trapped  at  oation 
vaoanoies  end  there  deooapoaef  this  being  a muoh  slomr  blmoleoular 
prooeesa  Coahination  with  I^entres  and  oonduotLon  band  oleotrons 
will  also  destroy  positive  boles  and  when  all  have  been  destroyed  or 
laBBobilieed  singly  the  rate  will  beooiae  sero*  Froa  this  it  would  be 
eq^eotrd  that  on  stopping  the  irradiation  tho  dsoonpositioa  rats 
would  first  fall  vexy  rapidly  and  then  finally  approach  sero  at  s 
auob  slower  rate,  as  found  experioentally* 

Zf  irradiation  is  now  restarted  after  a waiting  period  the 
initial  rate  should  be  low  while  the  nu.iber  of  traps  oontaining 
double  positive  holes  builds  vcp  to  its  equilibrium  value*  This  build 
vcfi  M found  ejqperiiaentally  should  however  be  more  rapid  than  the 
build.  19  that  takes  plaoe  on  first  irradiating  a sample  of  the  salt, 
for  many  of  the  oation  vaoanoies  will  already  contain  a single 
positive  hole*  During  the  waiting  period  it  is  possible  that  in  tho 
absenoe  of  a large  exoess  of  positive  holes,  some  of  the  oation 
vaoanoies  might  trap  two  anion  vaoanoies  pr^uoed  during  the 
irradiation,  this  £^ving  effeotive  deatruotion  of  the  trap*  This 
would  explain  the  lower  equilibrium  reaction  rate  after  a waiting 
period* 


A20 


Ko 


ir 


Mtf Tfttioft  eeargy^  valuM  are  Texy  alnllav  te^tl)6e»  feua& 
for  tiui  pteto3jf«la  of  bariuot  ajod^potaaaiua  aaidos  asA  aj^lanatlear 
it  the  fMaef  the  fiaaT  reentlott  to  give  sltrogea  can  take  plaoe  i* 
tVD  waya«  either  wltik  aero-  aatlTattott  eaerg/i  all  the  energjr  belDg 
■v;^plied  the  radiatloa»  or  with  the  additloii  of  a thexaal 
activation  energjr*  Theae  tao  reault  in  the  teoperatore  dapendnoe 
fouad*  (13ila  point  la  diaoiuaaed.  in  detail  ty  1*>*"»*«  and  Soavkiiio)* 


Aw  aoted  AcfWi  the  eoZsor  otengea  produced  tj  the  irvaddattcB 
are  due  to  the  prbdixotion  of  additional  adaorptioa  banda^  prohabljr 
F-banda«  and  the  blaokaning  la  due  to  the  ppoduotloa  of  Mtallle 
lead*  Zn  the  thenul  decompoaition  of  bariua  aalda  tte  preaeaoe  of 
nuclei  of  barlun  metal  haa  the  effect  of  greatOy  oataZy^JSg  the 
dacoapoaition  and  the  same  la  true  to  a leaner  degree  in  the  thexaal 
daoompoaitloa  of  «»lead  aaide*  Shore  la  no  eaqpexdaantal  iTyitcation 
that  thia  ia  ao«  for  the  photoZyala  of  a-Iaad  aalda  and  no.aodifl- 
oatloa  of  the  theoxy  la  ^uis  needed* 


i.*f 


The  apparatua  vaa  Idantical  trith  that  deaorlbed  above  for  the 
photolyala  experiaente  except  that  the  irradiation  oell  ran  ri^laoed 
by  a boabaxdaent  oell*  This  reaoUon  oell  vaa  fundanum tally  a . 
idBpla  diode  eleotronlo  valve  in  vhldx  the  dathode  and  anodle  were 
sw^ported  ia  glaaa  ooxmi  ao  that  the  vhola  oall  oouZd  be  aaaUy 


She  teehniqiue  ueed  vae  to  plaoe  a weighed  aaople  of  tdie  flntfQr 
pofwdered  aalda  on  the  anode  and  to  flatten  and  anooth  thia  to  give 
QOB^lete  OQverage  of  tha  metal*  After  pumping  ovemighty  a knoan 
A*G«  potential  vaa  applied  to  the  anode*  The  tenperature  of  the 
diraotly  heated  oatbode,'  vhioh  vaa  a abort  length  of  eleotrio  li^xt 
fUanentf  vaa  then  adjuated  to  give  the  deaired  eleotron  ourrent 
and  the  rate  of  deooapoaition  of  the  aaide  measured  uaing  the  method 
deaorlbed  above  for  the  photolyaia  axperlmenta*  The  sxxsber  of 
eleotrona  reautdng  the  anode  In  unit  time  vaa  meaaured  using  a D*0* 
mloro-eometer  (tha  reaction  oell  behaved  aa  a half*erave  reotlfier^ 
and  kept  ooost^t  by  adjusting  the  cathode  temperature*  The  eatlier 
vork  of  Groooook  and  Tcmpkina  had  shown  that  serious  irregularities 
of  behaviour  vere  found  If  a D»0*  potential  vas  used*  beoauae  of  tbo 
build  up  and  discharge  of  spaoe-obarges  in'  the  oell*  Zt  had  also 
shcrrm  that  it  vaa  experimentally  impossible  to  vork  at  vexy  low 
potentials  and  that  above  30  volts,  variations  in  potential  had 
little  effeot  on  the  reaction  rate*  Therefore,  co  long  as  tbo 
oonditioxu  remained  constant,  timers  vas  little  disadvantage  in  using 
an  A«0«  potential*  All  experiments  vere  oarried  out  at  room 
temperature* 


B^pactaactalSgF  Sm  MttSaaal^  1»  C«%  ■ati4if>o»o«y  rtgrU*»  frar 
Hm  aattetrctt  tiatfiiriiinl  itlirti  It  i»  nt>Ma»iy  to  baTO  oa  olontgoii 
igrstia  ihaM  aUofiro  iooirttuM  of  thr  oaKo  m tto  oBofio  «ad  g^*aia 
rnttUiM/ak  oatfaodo  oaodo  MpsratloB  to  winro  that  tb«  aslAt  is  not 
tltnuTlx  iffootod  hy  boat  froa  tba  oathodo*  Blfb  aoltocaa  aro  va> 
doalraMa  taoattaa  tho  olootreai  than  hava  auffloiant  wny  ta 
prodMoa  attitlxla  olf aata  la  ^ aaida«  Making  lataxpratatLoa  of  'tta 
raaalta  aoBo  diffLoult*  OoaMfMatlx  hi^  alaotroa  CMrrito  gfcwiax 


tptm  dkurgta  ftora  aftoat  tho  r^tlt*^  aoio^oBduutlng  aaULo  Uxor 
oovoring  tto  aaodo  and  proibwo  forthor  dltflooltloa*  NautsMliaatloa 
of  tbo  gQtJM  ohargoi  la  aldol  hj  alXooing  tho  gaa  proaaoro  to  viaa 
ohaa  pealtiTa  Iona  art  foiaadf  but  thaaa  la  turn  haaa  thair  oaa 
ocwplioating  affaota*  Ttaa  baat  eoaproaisa  fouxad  waa  to  uaa  a oatMa 
aaparatlpa  of  2«9  aBa«  a potantial  diffaraaoa  bj  200  aplts  A«CU 
and  a gaa  praaaura  of  about  3 x lO^^inaa*  15  Mg*  of  a^do  aaa  gx^aad 
ea  Urn  anoda  viiloli  vaa  1 c%*obu  la  araa* 


yig«5  ^xNra  a tgrploaX  daooopoaltioa  oorva  at  oonatant  alaetroa 
ouLToat  Md  appUad  Toltaga*  Zt  la  aaxx  aiadUr  to  tho  oorraa  found 
for  aodliai  and  barloa  asida  by  Groooook  aad  Toopklna*  Utli  load 
.airtda  hovavar  thora  vaa  no  raooraxy  of  rata  after  ataadiag  a»* 
boobardad  under  vaouaa*  Zn  foot  aa  In  the  pbotoOIxala  wotk  tiia  rata 
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mm.  lopwe  ao.  hoBhirfl1wg»  txp^rteeatalJ^  thit  cBMist  ttmtr  tte 
■■■pit  of  iMkft  Atidbr  bsl  ter  b#  ofetog^  after  eaoh  run*  Vltit  aodli 
•a&  bariua  mUm  vtaialt  *vto«mre4*^  eea^letelj  oa.  ttirtllng  it^  «■» 
posslfaiXe  to  adopt  the  nuolx  noro  aatiofadtoiy  prooadurt  of  doiqg  a 
whole  aeriea  of  runt  oa  the  oaBe  eaB^Ie*  Zleotroa  bonibarteint  of 
lead  aiide  produoed  the  aaae  paraanmt  ooloiir  ohaqgee  ao  ehoea  la 
Ite  photeljwie  eaqpevlaeBte* 


1 ■.  ♦ 


Beoauee  of  the  ^paatltatiweljr  irreproduoihle  reeulte  a 
differea;  naetbod  of  applyihg  ^ aside  to  the  anode  vaa  tried*  d 
Mrtioolar!!/  fine  eample  of  the  aiide  eae  BLerod  into  the  top  of  a 
long  glaae  tube  and  fell  oato  the  anode  at  the  bottott*  OoB^lete 
oowerage  vaa  thoa  obtaiaed  with  oaljr  1 ag*  of  aside*  The  results 
were  now  different  froa  those  chtaloed  with  the  tirloker 

legrers*  The  shape  of  the  deoompoaitioa  ourvee  at  ooaetaat  eleotroa 
ourreat  ahoved  aa  iamedlate  erolutioa  of  gas  ehiob  etejed  ooBstaat 
for  an  hour  or  aore  (Pig*6)*  There  followed  a fair3jr  ahatp  fall  la 
rata  and  this  was  aesodated  with  a eoaeiderable  f aJtJL  in  oondaoh* 
iTitj*  At  higher  deotron  oorrents  (50  to  80  pa)  iho  regloa  of 


oonstant  deoootpoaltion  was  oooqparati veljr  ahort«  the  fall  in  rate 
ooQuripg  when  relatively  little  of  the  atdde  had  deaompoeod*  'tflth 
lower  electron  ourrente  (10  to  20  ^ia)  a im^oU  larger  proportion  of  the 
aside  oould  be  deoocapoeei  before  the  fall  in  conduotivity  made  the 
oontinuattoa  of  the  run  ia^esible* 


With  a 1 og«  sas^le  of  aside  a few  minutes  bobbardmeat  caused 
darkexiing  of  a well  defined  but  Irregular  shaped  patoh  of  the  asidef 
the  renainder  staying  white*  is  bobbardmeat  oootlnued  this  patdh 
darkenedf  the  remainder  of  the  aurfaoe  still  being  unaff eoted* 


• yyv: 


CLth  «B  M£fi»  mmfSmytt  oaSif  0«T  thv  wfaolr  of^  tbs  usUb*  «irf«oe 
npldSj  Aisooloux^^f^  boalMrAMBt  vfail*  t«5  ng  tbn«  ms  no 
Tt^eiA  dlaoolourstioB^  Hm  vhols  at  tbs  ■arfans  dsxksttlag  sftor  aa.  ' 
how  or  sero*  Tbs  oonduotl^^  mristlo&r  nctoft.  ^borr  vovs  iJss  1 
sfCsotsd  ^ths  Xsysr  thlckaom*  Tbs  1*3  ng  sai^Iss  ibavad 
suddsn  fft£r  ift  eonduotlTi^  sftAr  1 to  2 bows  bonbsrdusntf  bat  ths. 
0*7  Bg,  '\qplts  did  not  sbtm  ibis  fall  in  rsts  *z^  oonduotiTitgr  till 
attar  • J to  20  hows  boabsrdosn^  if  sb  b2X« 


Tsristion  of  dsoomnosi-ticn  rats  with  elsotron 


/ Tbs  offeot  of  variatiozia  in  tbs  sleotron  ourrsnt  on  tbs  rats 
WHS  dstsndned  teth  by  vaxyiog  ths  sleotron  onrrsnt  during  a run  and 
also  bgr  warying  ths  current  f rca  run  to  run*  ainilar  results  mro 
obtaizi^  and  thsso  reseoblsd  those  found  for  sodiua  and  barius 
asidssi  in  that  tbe  rats  was  rougbSy  proportional  to  tbs  tsirrmt  at 
low  electron  ourrenta  azid  i^roaobed  a maadnun  aa  tbe  ourrent 
inoreased  (Fig*7J«  At  low  elsotron  ourrenta  for  these  thin  aside 
samplest  t^  ratio  ct  tbe  nuaber  of  azide  radicals  deoce^eed  to  tbo 
nuAMr  of  ineidsnt  elootrons  waa  about  0*731  tba  energy  of  the 
slsotrona  was  probably  about  2b0  or*  for  tbo  aarliar  work  using 
thioksr  asids  samp  Isa  there  ws.a  no  long  period  of  oonstaat  dsoaa 
position  ratSf  but  eren  tbs  bigbest  rates  reaobsd  d^  ring  tbe  oourss 
of  tbs  runs  oorrsspondsd  to  sn  sleotron  yield  value  lower  (0*3  to 
0*75  tv)  then  that  found  for  ths  thisnsr  ssniplsa*  Thsas  sleotron 
yields  srs  of  tbs  ssms  order  as  those  found  for  sodius  end  bsrins 
asides* 
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for  tha  alaotvoQ  taitarftMni  dac 
aa^ariaeatal  faota  wUoh  nuti  ba- 


i of  t-laad  aslAa 
om  foUovat- 


‘ O 


(i)  At  oooataQt  bodbardoiaat  flux  tba  mta  of  daoB^ooitioft 
rlaaa  flrat  to  a tnaxlimw  and  than  deoaya  pfrdbe&dj 
a^ponanttalljr  ta  a oonatant  xaliia» 

(ii)  Thara  la  aa  iauadlata  aolour  abaaga  f oUoaad  by 
blaokaaiagt 

Ciil)  Thara  la  no  "dax4c»rata"  ea  atoyiiag  booAarakMnl* 

(iv)  Ra-bombardBeat  aftar  a waiting  pariod  ahova  no 

"raooTory  proonaa*!  tba  rata  riaaa  rapidly  to  a ooBOtaat 
walua  whi^  ia  lovar  .than  tha  final  atdua  of  tba 
prarioua  bosibardBant* 

(v)  Tha  variatLon  of  tha  rata  with  tha  alaotron  flux  la 
oosq^ax  but  appaara  to  ba  tha  aioM  aa  that  for  borlna 
and  aodiva  aiddaa* 

(ri)  Piaally  tha  apaolal  phanonana  aaaoolmtad  with  my 
thin  asHa  layara  need  axplanatioB* 

Groooook  and  Tocq^na  (16)  have  diacuased  tba  alaotroa  bonbar^ 
B«nt  daoQoq;>oaition  of  aodiua  and  bariua  aaldea  in  taraa  of  a thaofy 
whioh  haa  aararal  uajor  diffaranoea  froa  that  applied  by  Tbomaa  aad 
Toqpidna  CH}  to  tha  photolyaia  reaulta*  Zt  waa  thought  unlikaly 


that  tha  alaotrona  uaadf  wldoh  had  an  energy  roughly  $0  tlaea  that 
of  light  of  warelangth  2^371*  would  produoa  axoitona*  inpla  enargj 
ia  available  to  give  daoocapoaitlon  of  aingla  aaida  ionai  but  tha 


vary  almpla  kinatioa  tdiloh  would  raault  tvca  a maohanlaa  of  tbla 
kind  do  cot  aoaord  with  experlAont*  A further  diffaranoa  froa  tha 
ptotolyais  theory  la  that  a maohazdem  depending  vpoa-  a thonoal 
aotivation  energy  ia  thought  unlikely*  Sxperiaentally  tha  abaenot 
of  a "dark  rata"  indioatao  a different  aeohanlBB*  Th^  tharefora 
postulated  that  decoapositlon  000x0*0  inatantaneoualy  vdthout  further 
aotivation  energy  when  an  4d.de  ion  ud^aoent  to  a eurfaoe  hole  ia 
exoited  by  an  electron  of  the  prlmazy  beam*  Poaltlve  holea  fomad 
at  a deeper  level  in  the  aaide  do  not  deoampoao  to  give  nitrogen* 

The  recovery  in  decoopoeition  rate  on  re-bombardBont  after  a waiting 
period  ia  due  to  tha  regeneration  in  the  bulk  layer  of  adds  iona 
from  poeitive  l^lea  by  the  trapping  of  oonduotion  eleotrona*  A 
matheoatioal  treatment  baeod  on  tbeae  poatulatea  gave  quantitative 
agreement  with  tha  experiiaentally  foUnd  ourvea  for  the  rata  of  d^ 
oompoaition  against  time  at  oonatant  eleotron  current ^ for  tha 
variation  of  the  rate  with  eleotron  current  and  for  tha  recovery 
in  rata  with  time  of  standing* 


rissw?v*vw*yj 


Tbo  above  arc^anta  wbloh  were  fomuiated  for  baoriuu  axkl  aed^ua 
aaidM  app3jr:  alaO'  to  lead  aside*  aftxtla  tita  load  aidda  reattlta  are  aa% 
BOffielantlj-  rapreduolbla  to  ^Ive  the  qttantltatlxa  oorreapondenoa  idth 
iAm  thaoqr.  that  the  aodiv»  and  barioa  ajclda  reaulta  upr^p  q;oalitat£wa» 
]jr  the  agreenant  ia  good«  Ibo  pointe  iMod  ttkrther  explanation!  tha 
oolour  ohangea  produced  la  lead  adda^  and  the  abaenoe  of  a reoovexy 
prooeaa*  The  fonaar,  whioh  are  alao  prodoood  by  ultra-violet 
irradiation  are  readily  explained*  In  all  three  addea  large  nuaber 
oif  V-oeatrca  auat  be  pcoduaed  durinc^  bosbarducnt  and  the  abaenoe  ct 
ooloor  in  barins  and  sodltB  aaide8«  ae  aqggeated  ^ Ttenan  aaad 
Tooxpkina  ia  probably  due  to  their  F«uaula  being  in  the  near  ultra- 
violet rather  than  the  visible  part  of  the  apeotrua*  The  blackening 
of  a*lead  adds  ahowa  the  oreaonoe  of  ooUoldal  metallia  lead  pro- 
duced by  the  reaction!  ^ ^^oentrea  •^Fb  «.  2 vacant  anion  aitOBf 
followed  by  ooUapae  of  the  lattloe*  Experimentally  inowever  there  la 
no  indloatlon  that  the  electron  bombardment  decompoaition  (or  tba 
photolyala^  la  oatalyaed  by  metallic  lead,  nor  do  p-oeotrea  or 
natallio  nuolai  play  any  important  part  in  the  mechanisa  poatulatad 
by  Qroooook  ur«I  .:omp.iina*  These  apeciel  effects  in  a-lead  adda  do  . 
not  t^rafore  call  for  any  important  change  in  the  meohanlam*  That 
there  ia  no  reoovexy  prooeaa  in  a-leid  aside  Impliea  that  the  ra- 
ganeratten  of  adds  iona  from  poaitiva  holes  does.  nat.  taka  plaoe  in 
the  abaenoe  of  the  electron  beam  probably  beoauae  the  oonduotion 
eleotxona  are  preferentially  trapped  at  some  other  iype  of  trap  a*g* 
anion  vaoaxioiea  or  metallio  partiolea  or  poadbly  at  a deeper  level . 
ia  the,  aside  beyond  the  region  where  positive  holes  are  formed* 

The  apeolal  eff eova  found  with  vexy  thin  layers  of  a-lead 
art  probably  aleotrioal  rather  than  ohemloal  in  nature*  The  booibari- 
ing  aleotrona  penetrate  into  the  eolid  and  lose  energy  by  ooUiaion 
with  the  lattloe  .eleotrona,  exciting  theae  into  the  oonduotion  band 
and  leaving  behind  poeltive  holes*  Finally  the  eleotrona  and 
poaitiva  holes  will  tend  to  be  trapped  at  suitable  lattiba 
isqperfeationa  or  to  recombine  and  it  ia  duxlxig  these  tranaitiox!a 
that  they  may  taka  part  in  chamioal  reactions*  Under  the  oonditions 
used  for  electron  botobardment  deccaposition  studiesf  there  will  be  a 
potential  gradient  across  the  solid  ajid  oonnec|uently  there  will  be  a 
directional  motion  superimposed  upon  the  randcia  thermal  motion  of 
tba  oonduotion  electrons  and  positive  holes*  As  a result  the 
trapping  of  the  positive  boles  atd  eleotrox!3  will  texjd  to  take  plaoe 
respeotively  near  and  far  from  the  bombarded  surface*  It  oan  be  aeen 
that  when  the  above  f so  tore  are  considered  together  with  the  actual 
ohemloal  reaotioxw  taking  place  in  the.deccmposition  the  overall 
ploture  must  be  compleXf  but  aome  eiqplcuuLtion  of  the  observed 
effects  oan  be  given  in  terms  of  the  strong  inten\al  epaoe-oharges 
foxmed  in  tba  solid* 

Thermal  Deoagposltlon  of  tt-Lead  Aside 

A etuuy  Is  being  made  of  the  thermal  decomposition  of  a->lead 
aside  under  vacuum*  lYhile  this  work  is  not  yet  com  plete  it  has 
already  shown  that  the  kinetics  of  the  deccxnpoai  tion  are  more 
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ocBQlAX'^lteB  «Krll»r  bfrHer^  ZxparloentaXly  tha  Aside 

Bg»).  ocntsinad  ia  » pletintn  bttdcetr  loeored  uad^  vaeum  'bgr 
Mfttte  of  A nAgnotio  devloa  into  a fttrnaoe  chtupbAr  oalatAined  at^  ths 
diMirfid.  tsapArAtUTA  (;io  ^ 0*1^)  by  aa  electrlo  furnaoer 
t>nociiij.inAl  trl  nn  m tni  Are  than  toaasured  by  the  method  used  for  the 
plutolydA  aaqparloMnta*  She  most  fruitful  work  has  been  done  oir 
good  crystals  of  purs  c»lsad  ABide»  sieved  to  give  partioles  of 
roughly  oonstaat  siss«  21g*b  tfsows  the  rata  of  deoco^osltioa  of 


lead  axlda  sieved  between  ^ azd  200  mesh  at  temperatures  of 
256«0^«  26J$«7^  and  282*2  c*  Features  to  be  notioed  are  the  region 
in  the  lowest  tes^erature  ourve,  where  the  rate  Inoreases  linearly 
and  the  very  sharp  peak  in  the  highest  teo^ratura  ourve*  The  very 
rapid  deoay  after  the  peak  cannot  be  explained  in  terms  of  deatruot- 
ion  of  material  or  reauotion  of  the  area  of  the  reaction  Interfaoe* 
UTork  with  other  sieve  fraotlone  has  shown  that  the  height  of  this 
peak  is  proportional  to  the  surface  area  of  the  oiyatals* 

In  the  experiments  beix^g  carried  out  at  the  higher  ten^eratures 
above  300®C  the  aside  is  tipped  ualor  vacuum  by  a magnetio  devloe 
onto  a oopper  block  heated  in  a furnace  and  the  reaction  rates  prior 


427 


FIS  I 


onoNmu 


I 3 4 S • 

mm  (mmitu) 


■\o  detoofttiea  *r» 
reoorded  autOMrtt* 

oailljr*  Uoliict  tM*. 
a^stem  irltb-  aaaH- 
oxystals,  Isothenaal 
oooditioxis  aro 
aaUbllshod  v«iy 
quickly  ax]d  8alf>» 
kftatiLpgL  vLJSisDdLMA^ 
?ig*9  shovs  a t^pioal 
traoe  obtained  ttom 
2 mg*  of  oiyatallina 
/9-load  azide  C120  s 
200  meah)  at  3040  0* 
Tbo  Initial  peak  is 
probably  outgaasing. 
and  detonatlM 
ooourred  at  A on  tho 
ourro* 


York  on  tho  tibonaal  deoocnposition  of  lead  aside  is  beti^ 
oontimed  and  a more  oaaprahensive  report  will  be  prepared  later* 
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J*3*  Courtaajr-Pr&ttf  B«E«  Bb*D.  and  G.I»  fioger*)  ¥«ju 
RBMAroh  laboratory  for  tbo  Physios  A Chsaistry  cf  a^aoss^^ 
Dapartasat  ef  P^sioal  Cbasdstryi 
CaobrldgSi  friglaad* 


latroduotlon.  /' 

Zt  is  osll  kaown  that  oryotallias  asldss  daoooposs  clonly 
«hsn  ^wadiatad  oltli  ultra  violat  light  oTjaoanal  iatan4lty(‘^'3r>\ 
Tba  prasant  oovk  ahoaa  that  if  tha  iatansity  is  raiaad  suff  iolantXy 
tha  datooation  of  silver  aside  oan  be  initiated*  Baaides  its 
intrinsio  iatarast«  this  result  provides  a useful  approaoh  to  a more 
fundsioantal  study  of  the  prooassos  leading  to  stdl>la  detonation  la 
these  ooopcuads* 

Za  aany  esparixasata  on  laitlatloa  it  is  vary  diff  ioult 
to  cbtain  an  estlnata  of  the  aiaount  of  energy  aotually  raoaivad  In 
the  a^tploaiva  alnoa  this  often  depends  on  a nunbor  of  unloioiin 
faotors*  With  initiation  by  light  absorption  this  difficulty  is 
largely  overoooie  as  tha  aaiount  and  initial  distribution  of  energy 
within  the  oxystal  oan  be  obtained  frco  absorption  apeotrun  and 
aotinoBotrio  neasureaentB,  further  a light  sourco  whioh  will  both 
provide  iliuninatlon  and  initiate  explosion  in  wl^t  aiigbt  be 
e:qpeoted  to  be  a roproduoible  nanjMri  will  be  of  oonsiderable 


Unolasslfled 


for- hSgtr  qpMd  phtttQgnphlo  stadia*  or  roootloaa. 
fcsd  i^stigstod  tho  laitistlon  of  nitrogos  i^odlAo  tigr  tb» 
light  froM  a flaair  laip»  Mmbo  rMoatitjr  BasobtcOd  aal 
laitlatod  oagpleoion  la  a varlatj  of  oeBaitito  aubatsaooa*  Thsj 
tatexprst  thoir^vtcolts  am  iadicatlog  a.  thorsaX  atirinnfMii  WxdL. 
hj  Baatea  ot«  al«  CO  haa  ahoaa  that  tha  laitiatloa  of  as^loaioB  ^ 
friotlan  aad  iqpaot  fraoaaia  through  tha  foroation  of  a aaall 
thanaUjT  hot  raglMk  Ihia  voric  ahoaa  that  tha  ovarall  daioriptloa 
of  iaitiatlaa  Iqr  light  la  boyoad  roat  joahla  dooht  a thanMl  coa* 

Sha  ahaaahtd  light  la  dagradod  to  boat  f oadag  a hot  aarfaoa  layar 
aa  tha  mtjw^aSU  Shia  lajrar  la  raQouaihla  for  aattisg  up  tha 
datoBatiaib 

fiiltar  aalda  haa  hoaa  uaod  for  all  tha  axpariBanta. 
daaorihad  is  thla  pcpor*  Petra  aad  f aizly  parf aot  bryatala  of  ailvor 
aalda  «ara  pxtparad  hj  oiTatalliaatioa  fros  aa  a^iacua  aieoonta 
aoltttioB  ia  tha  daxk  aad  inradlatad  vith  oltraTiolat  light  of  high 
lataaolty  la  tha  ipparatoa  ahoaa  ia  figura  1« 

A oxyatal  of  allirar  aalda  ia  pXaoad  ia  tha  8taizu.a88  ateal 
ipooa  S aooatad  ia  tha  qaaxts  oall  0.  Tha  oall  ia  •Taouated«  Tha 
oxyatal  ia  Irradlatad  with  a high  isteaaity  flash  f ron  tha  kxyptoa 
f Iliad  flaah  toha  P of  tha  abepo  ahoan  in  Figure  1 • This  design  aaa 

. t 

axplflyad  to  giira  the  nwrinani  useful  effiolanoj*  The  flash  tuba  has 
a ^parts  eoralppe  and  is  filled  with  18  oas.  cf  pure  krypton*  A 
beak  of  ooodensers  of  do  Mi  F vhioh  oon  be  obarged  to  az^y  voltages 
T bataeen  2*0  and  4*0  Kv  lx  oonnsoted  between  the  xoain 
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Unolasslfied 


i3Mtvod«a  !!•  x,  Tbr  Iisf  ir  TcHtAgr 

^vlgtiar  ta  tha  thl*&  tlaataoda  9^ 

XiL  All  ATpwi— nta  th(A  horlicirt*!  poaltloalqg  of  tte  9000 


XiL  All  ATpari— nta  tha  horlicirt*l  poaltloalqg  of  ttaa  9001 
r«latl>«  to  tbs  buol  plana  of  tlia  flash  t«Sba  tats  unohaagaA.  Sha 
sartloal  Aistama  hatvaan  tfia  ^poon  and  tha  taaaX  plans  of  tbs  Zaqp 
aaia  ad^uatad  to  1«0  t 0«1  cau  for  sash  aaporlaantl  this  raprsAants 
A wtahilitj  of  2 59^  la  tho  li4t:>t  raoaivad  on  tha  qpoon* 

Tha  parApax  rod  A holds  a aaall  liquid  irradlstion  oall 
uaad  for  oallbrating  tha  photoaotar  daaoribad  in  tha  aaxt  aaotion* 


hagfcotoriatioa  of  tha  flaah  and  aasatiracfint  of  tbs 


w * »vt 


Sba  intaxifllty  roraua  tins  ourraa  for  flaabaa  at  aArioua 

rdtasAA  vara  asaaurad  using  a photooall  and  oatboda  ray  tuba*  A 

tjpioal  ourra  aboaa  in  Tigum  Zm  tbeos  varfu  show  tLat  ovar  tha 

raqga  ia  vhioh  tha  Xaap  i»  uaad  tha  paok  iataaaity  inoraaaas  with 

tha  TOltaga  vhila  tba  tisa  istagrataa  intanailor  ia  prqprortional  to 

tha  squara  of  tha  voltaga*  For  flaabaa  at  graatar  than  2*5  tba 

duration^  of  tha  flsab  ia  aonalblr  ooastant  at  6l  f 2 (i  aaea* 

Saaulta  ara  exproasad  in  tan&a  of  tba  intagratad  qpaoifio 

abaoxptioa  Q dafinad  aa  tbs  total  nucbor  of  qu^urta  par  flash  falling 

on  ooa  aqtiara  ailllastra  of  aurfaoa  at  tba  position  of  tha  oxystal 

■ 

in  the  varalangth  step  2000  *■  3^00  A* 


^ Tha  flash  has  a low  intensity  *tail”  lasting  eoBoe  40  ptseo*  Ae 
tba  Integrated  output  of  tbi  tail  is  email  tbs  flaah  duration  is 
taken  as  tho  tiao  between  the  start  of  tho  initial  rise  and  tbs 
point  where  the  intensity  baa  fallon  to  1/10  peak  intensity* 
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OomrfeaagHPxstt  db  Bocaocr 


figttr*  2«  Xiftht  OfOt^ut  ytwaM  tlat  ourv*  for  o 
flMh  tulag  80  (i  F oigpooltj  ot 
2*5  XlloveXto. 


Thlo.  qjouitltgF  mo  mMorod  for  Mod  flood  oslog  oo 
iBtosroii&g  pdotcalootrlo  pheionttor  oaHdrotod  atoloft  tho  oruol 
oaloto  ootlaocMtor^'^)  oa  ooourooy  of  f 10^  io  poooidlo  for 
ooeporlog  rooidLto  obtolnod  la  tbo  oam  ipporotoo*  Xdgdt  looota  dot 
to  roflootloa  ozid  ooottorlag  ot  tho  Toriouo  q!aarfe»o1r  iatocfoooo 
■deo  loao  oerUla  tho  ohooloto  ooouraogr  of  Q hot  it  lo  rollohlo 
within  o footor  of  tvo« 

Tho  opootrol  diotrihotion  of  tbo  light  frcm  flood  tvhoo 
with  oiallor  ohorootorlotioo  to  tho  oao  uaod  horo  boo  hoon 
lixreotlgotoA  hj  Ohriotio  ozid  Portor* 

Tho  Tioiblo  «»d  ultrarlolot  ohocrption  opootruo  of  oUror 
ooldo  woo  aeosurod  ooiag  o Phlooa  xiltroTiolot  opootrophotCBitor* 
Traaqporozit  plotollko  oxyotolo  of  ohout  0a08  am  thiotaMoo  woro 
proporod  for  theoo  nooouronoato* 

Booolto* 

Voluoo  of  tho  ohooxptioQ  oooff ioiont  for  this  plotoo  of 
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ThaM  ahev  that  for  tha  thloknassaa  of  oryatal  ua«d  In  thaaa 
aaqparlaonta  all  light  of  aoTtlangth  leaa  than  }600  k antejrlng  a 
oxgratal  vould  ha  ooaplatalj  ahaerhad*  Balov  2000  A tjoairta  abaoxha 
a largo  part  tt  tha  radlatlotu  Sba  aaida  tharofora  ahaorha  anargj 
la  tha  aaaa  rasga  aa  tha  uzazQd  oocalata*  Q la  than  a aaaaura  of  tha 
total  ultravlolat  anazgy  ahaorhed  hy  tha  oryatal*  Tha  oryataUlaa 
aaidaa  ahaorh  la  tha  Infra  Quarta  doaa  not  txanaait 

vavolasgtha  >35^000  A ao  that  any  affaota  produoad  hgr  Infra  rad 
ahaorptlon  aunt  ha  oorflaad  to  ahaocptlon  at  va^angtha  ahortar 
than  thia*  Tha  only  hand  rqportad  la  at  29*000  A*  iXtB  a vator- 
filtavt  vfaloh  raiaovaa  all  radiation  > 10*000*  eqploalra  vas  otlU 
oibtalned  tboogb  absorption  of  tha  infrared  dcxia  xaako  a oontrlbution 
to  Initiation*  Srparinentally  It  baa  boon  Biora  oonvoniant  not  to 
filtar  out  tha  infrarad  in  moat  oaaaa* 

Whan  oryatals  of  ail-ror, aaida  vara  irradiated  with 

aiagla  flaahea  auob  that  Q prograaalvaly  Inoraaaad  vary  little 
daooapocition  ooourrad  imtll  a orltioal  value  was  vaaobad 

vhea  aaploalcn  oootirrad* 


Unclassified  ^ 


wwTQoJ^'nVTv  dr  Bqgwv^ 

TtaolftMitladr 

Th«  tb1u«  cf  not  dMipmt-ctL  ti»  om*  of  ib» 

oi^Fstol  is  ttaft  rtsgo  0*2  to  1«5  adIXiigMas*-  tbt  Airojaufcod  was  of 
tbi  oxyaUl  f aoiJtis  tbtf  laqp  is  tho  roago  0*3  to  2*0  aa^f  or^  tbo  woo 
p«r  oolt  mow  4 mbiiIo  of  aH^mt  oslAa  poodor  purtlolo  alas 
oa  lOT^  0B«  dUattor  hai  tho  boss  senoltlvity  as  l&diTlAuZ  <»3ratoZo« 

XiBXS  n. 

Tho  oritioal  Intogr&tad  apooifio  abaocptim 
fear  ailrer  aaldLa» 


Sango  of  Q 
qnasta/aa* 

nabor  of 
09orlae&ta 

Mhabor  of 
ecqploaioaa 

% ea^oaloaa 

c wd&td'^ 

1 

U 

4«6  to  4*8  X 10^5 

9 

Z 

2t 

4«8  to  3*0  s 10^5 

8 

5 

83 

5.0  to  S2  X 10^9 

6 

4 

67 

>S2x10^5 

ill  ooplodi 

100 

Tbi  roaolta  is  TaUo  XI.  ahov  that  tba  raluo  of  Q soodod  to  givo  30^ 
proibahiIit7  of  axploaios  lioa  hotoees  4*8  and  3*2  3r  ^pasta/aci^ 
is  tba  oavolangth  razigo  2000  * 3^00  A.  The  raogo  Qbrlt 
prohablj  asaob  narrovor  than  thia  aixiea  tho  tvo  valuoa  of  Q hounding 
Qorit  diffor  hj  only  10^  whloh  la  tho  aano  aa  tho  error  is  tho 
maouraaent  of  Q.  Booauaa  tba  effaota  cf  prolrradlation  oa 
are  not  q[ulto  olear  a freab  oxyatal  waa  uaed  for  ovozy  dotonalnatlon. 
No  appraolahla  asxunt  of  deacapoaltloa  traui  ever  deteoted  when  tho 
ozystal  did  not  eaqplode.  However,  if  hy  ohanoe  a oryatal  waa 
flaabad  at  a value  of  Q y^ry  oloee  to  hut  helow  Qoxlt*  oryatal* 
whloh  la  alwaya  heavily  dazi:eQed,  uaually  broke  up  into  a nuid>er  of 

— ^ Unqlaasif  led 


9tit«  ^MgBnt«»  This  eff^ot-  p^rtlgiAiiSdOF  etr^los  ^ 


•thfat  fl«V  okgrstcls  mt*  umA  irtM  tte  ]^i«o*»  Mr»  B^mt  htn^ 
atraigbt  sites  gsasrsUjF  st  right  sqgiss  to  ssoh  othor»  sad  fit 
togsthsr  ezaotl^j  oa  a alerosoqpio  sosle»  to  ref orn  the  ox^stsl* 

Rvirrsdiatfon  with  tiXtrm  rloXst  light  £s  ftnoim  to  nodlfy 
tbs  kiaetios  of  subsequent  tbsmal  deoocqposition  of  solid  asides* 
Frelininsj7  eaQerlsttnts  on  the  effeots  of  preirradlatioa  on  q suggest 
that  if  there  is  anj  Inorease  In  sensitivity  it  is  snail  < tO^ 

A prsliainaxy  study  of  the  tlsMs  involved  in  the 
p^oahfisdoal  initiation  has  been  made*  A two  bean  oathode  ray 
osomasorpe  eas  used  to  record  the  light  intensity  tisie  eurv  of 
the  flash  on  one  beam  while  the  nocaent  of  sagplosion  was  deteoted 
on  the  other  by  the  ion  ourrent  flowing  between  the  spoon  S and  a 
staall  ring  eleotrote  swunted  oa  2 bbw  above  the  aside  oxystal*  The 
results  IMioate  strongly  that  the  aoaent  of  esploslon  is  oonneoted 
with  the  integrated  light  intensity  rather  than  with  the  peak 

V 

intanaity* 

Silver  amide  nay  be  aarkedly  senaitissd  to  phptooheadoalZy 
initiated  esploaion  by  colouring  it  with  an  ac*.BOxptloa  indicator* 
Sasplaa  of  powder  ooloured  by  preolpitatisg  0*1  gum  AgK^  in  the 
presenoe  cf  0*010  gma  of  exythrosia  and  exoeas  silver 'ions  bad  a 
value  of  Qox'it  10^^  quanta/aa^*  Control  esperinent':  showed 

that  inorease  in  sensitivity  was  due  to  the  presenoe  of  the 
dye  and  not  to  adsorbed  silver  lens  or  the  physical  form  of  the 
precipitate*  It  must  be  remembered  that  Cj  refers  only  to  light 

O 

absozbed  in  the  wavelength  range  2000  - 3^00  A • Erythrosln  dyed 
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* Bov«r» 

tkielAMlftad. 

ataiiit  alao^  «jb»or%c  lij(bit  tte  rvgtanr  3^60* *•  SSOftk.  Mt 

tbR^  ooHOQsiid^  aa&.  BOSBal  asidao  «Lr«  ooqparvd  In  i«sn»  ot' totaK  j 

* .1 

tiMX^  absorbed  at  all  aaaailaagtha  tb^  aenaitlTltj  of  tht  tvo 
be  idaatioal*  That  tha  abaoqptlon.  cif  rlsibla  light  aakaa  a 
ooatributleo  ia  atiown  by  tha  fast  that  aiythroain  aaida  mu  bo 
datcoa^od  oith  the  light  froa  a aadiua  aiaed  phoUgraphio  flash  - 
bull)  ohlio  the  laxgoat  flaah  bulba  do  not  oven  produce  darkening  ef 
oorual  allver  aaida* 

J)laeaaalom 

lhaaa  xeaulta  abow  olearly  that  the  abaocptlon  of 
« 

suffloient  ultra  violet  light  can  initiate  the  eigpXoaton  cf*  silver 
Slide*  ' ' 

OCDslder  a aq(uare  adlllnetre  of  the  faoe  of  s ailver  aside 
oxyatel  unlf orally  Illuminated  by  a flaah  so  that  it  esgplodee*  3hs 
abeoxptioa  ooeffioleot  is  veiy  high  os  10^  at  ySoO  A ao  that  the 
light  is  abaoriied.  oloae  to  the  aurfaoe.  Although  the  light 
initislly  oauaea  eleotrcBilo  ezoltatlon  this  energy  la  very  rapidly, 
degraded  to  heat  and  this  will  raise  a aurfaoe  leyer  to  a high 
teqperatxire  whiob  nay  be  oaloulated  in  the  nomal  wey« 

The  energy  equivalent  to  an  Integrated  epeolflo 
abeorption  of  Q quanta  in  the  rcAge  2000  - 3^  1 la  easily 
ahovm  to  be  given  by 

Total  energy  ■ 7*0  x 10"^  erga/n^ 

■ 1*6  z 10“‘^^Q  cala/hai* 


( 


The  absorption  oooffioient  inoreaaes  very  rapidly  with  deoreaaing 
wavelength  around  3^00  X Table  Z«  Taking  tha  abaorption 
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OetartniSpMktt  it  BfiigMmj 

OMSMstfia* 

ooctY^ioittafe  «»  10^  oarl  bfttana:  3^  I usd  3550^^  i of  tba. 
taaHan^  xdiatiop:  iM  abiorbad  ia  3 3C  KT^  oatf*  Tbr  <iaai|j^  nt^ 
silver  aside  is  4*8  ga/arn^  and  its  ipealfio  heat  . 

0*12  eali/gxnu(^^)  tbs  oritlcal  value  of  Q for  eaq^osioa  of  pure 
allves  aiida  la  5 x giimta>fa^»  tha  eaeigp  aheeiftel  fM» ttor 
flash  ^ therefore  6 z KT^  oale/Bs^*  Xf  ao  energj  leeaes 
froa  the  suzfaoe  lagrer  ooourred  la  the  tiae  cf  the  light  pulse  or 
durlag  the  tins  tskea  for  all  the  eaexsr  ahsot'bed  to  be  degraded 
to  heati  wbiohever  is  the  longer*  this  suzfaoe  lejer  3 z KT^  obs 
thlflk  would  be  raised  480*  i*e*  to  about  500*0  by  that  aaouat  of 
Ilisbt  eaergy*  This  is  well  above  the  Igpition  tenperstusa  oC 
aUver  aside,  273*0^^^^  or  380*0^^^). 

Oonslderlx^  the  satfaoe  layer  as  the  ooplOBloo  auoleas 
its  vcduDs  aikl  the  aaouat  cf  heat  la  it  are  proportional  to  the 
projeotel  area*  Sinoe  the  results  show  that  Qorlt  ^ Indspendeat 
of  the  pro^eoted  area  it  seesu  likely  that  tbs  thlokaess  and 
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teeperature  are  tbs  two  liportant  paraaeterv  detarBlalng  the  onset 
of  eaplosion* 

Zt  has  been  shownC^)  that  tbs  eqpIosioQ  nudetis  Bust 
ezoeed  a orltioal  sise  before  for  it  to  result  la  eaqplosloo*  This 
work  suggests  that  the  soallest  dlaensioxa#  here  the  thlolmesa  of 
the  explosion  audeus,  is  a orltioal  factor* 

So  far  heat  losses  fron  the  surfaoe  have  been  negleoted* 
The  BAixx  souroe  of  heat  loss  will  probably  be  by  oondxiotioa  through 
the  aside*  The  tenperatu^w  of  the  surface  layer  will  not  be  . 
unlfora  throughout  its  thiokneas  and,  if  beat  losses  are  appreoiable 

Itoolassified 





C6tB<i>ay»r»ait  4 Boe«g« 

ItaQl4isifi«d 

Aurfiag.  thB  Slma^  ftaraiite  ti^  f oa|p«ni«a^  dUtiritutifitt  will  altto 
ragf  «Sft^  <^piwff1nt  •»  tb»  ah^p*  cT  th»  ligbt  latMallgp  ^aa-WM 
tlaa  ottnra  of  tte  flaati  tv^  Om  oAvaatago  of  thia  aathod  of 
0%t4yl^  tha  Initiation  of  aivloaian  ia  that  thia  variation  of 
taaparmttira  atth  tlaa  and  Slataaoa  fton  tbe  aoxfaor  oasr  Bv  cfttainaA 
iociilloitlj  froa  ao^aripMtxtal  data*  At  tha  praaant  tiaa  not  alX  tha  - 
data  haa  boon  obtaiaad  but  an  aatlaata  of  tha  order  of  aagaitnSa  of 
tha  haat  loaaaa  oan  bo  obtainad  hy  oonaidariag  tha  aurfaoa  lagrar 
aa  at  a toiifom  ataady  tosparatura  at  SOO*0  and  oaloulating  hov 
■uoh  haat  ia  loot  throiigh  a aquara  aallliaatra  of  aurfaoa  ia  tha 
duration  of  ttar  flaah  ahleh  ia  do  )iaao«  Vhia  ahcaa  that-  aboot^ 

4 X iOT^  oola  ia  loot  i«o«  about  1/20  tha  aoargy  iqput  Qarit 
tha  aano  araa« 

Tha  abaorptioa  of  ultra  violat  light  produoaa  initially 
>laotroaio  azoitation;  ^Aaotroaa  baiag  raiaad  to  azoiton  or 
oonduotion  lavala*  ^ticataa  of  tba  life  ti>a  of  theaa  aocoitad 
atataa  Indloata  that  tha  tiaa  for  tba  degradation  of  elaotronia 
axoitatlon  to  haat  la  probably  very  abort  ooopared  with  tha 
do  ^eao  duration  of  tha  flaah*  Benoa  both  photoohemioal  and  thermal 
daoavoaition  vUl  ooour  ia  thia  period  at  a high  taaparatura*  It 
ia  not  poeslbla  to  make  any  quantitative  aatlaata  of  tbe  amount  of 
beat  liberated  under  these  coDditions*  Wa  may  aapeot  it  to  be 
acoewhat  greater  than  tbe  amount  of  heat  lost  but  at  111  aaall 
oooparad  with  the  inoidsnt  energy*  Tlie  Inoldent  energy  ia  then  tba 


oritioal  factor* 


« "AfJ  ed_ 


UaalikMitfitd 


ytiaftisii^.ixr  dMaBc>osltioflx 


teiog.  tbr 


tiar  of  thr  flask  tbs 


cf  tbs  soxfaoa  laytr  rtlail^: 


Tariatien  ef  taqparatura  sltk  distaaoa  p«cp«i^^oular  to  tho  soxfaot 
oenld  dspoad  celj  oo  tha  abaoxptim  ooaffioiairtt»  anl  «oiil&  tboreforo 
W awistant  tm  a glsoa  sasalasgtk  xaoga^  Sb»  tanpirafiim  at  a.  . 
glToa  distaaoo  iaoroasoa  «ith  Ineroasiog  tlao  ixttagratod  iatanaity  ■ 


valaaa  tha  thaxaal  ooeduotivity 


aaoaptloQally  high* 


Tha  rataa  ef  hast  less  aad  gaaaratlen  idll  dagpani  on  tha 

tavparatuya  so  that  tha  oritioal  valoa  of  Q»  tahla  ZX  raqpiixad  to 

■/ 

produoa  aaplealoa  soy  saasooahiy  ha  aaaooiatad  with  a sinlMi 


BETthroala  altars  tha  abaoxptloa  epaotnm  aad  tha  aatara 
of  tha  auxfaoa  of  allvar  aaida* 

It  la  aot  poaalhla  to  draw  aigr  fnadaaaatal  ocnalqalona 
from  tha  rea\Q.ta  for  oolourad  aalda  hut  tha  saaulta  axa  ooapatlbL  « 
with  tha  propoaad  tbansal  aaohaziiaa  aad  aupport  Baeahtodd  aad. 
%gart^^)  aho  also  found  that  tha  aora  highly  oolourad  ocapounda 
vara  tha  aora  aanaitira» 

Zn  oonhlualcn  tha  raaulto  ao  far  ohtalaad  iadioata  that 
tha  photoohandoal  Initiation  of  tha  asplOBioo  of  allvar  aalda 
invdTaa  tha  oraation  of  a hot  aurfaoa  loyar  hy  tha  degradation  of 
tha  anargy  of  the  ahaorhad  light*  For  auooaaaful  initiation  a 
nlnlnni  thioknasa  aod  tesperatura  of  tha  layer  era  ra^oirad* 

Boedan  found  a sixallar  teaperatura 

thxoloieea  relation  for  themlly  initiated  e:qploeioa*  Tha 

thiakneaBea  aad  tanperatvcrea  found  ttea  ara  of  tha  aaoa 


Uaclaaeif ied 


OcuartMj^-PM^t  A' 


Ww]| 


orcT  eg.  niyimw  m TOOg:  gacoMwa  pw« 

Th»  inwiati^atifliT  prcridhMt  further  vrUlnoa^  that 
MrttSzag  \9  of  an  «3pl08iT0  raaotlon  iridah.  rill  load  to  date 
tavodiaa  aaoTBy  oonaldaratlcna  on  a aoala  ahioh:  la  Tiqr  3^ 


tioa 
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aa  aoard  to  one  of  ua  (0«T«B«)»  the  Uialatxy  of  Scpplj  (tlr)  for  a 
graat  to  the  Lahoratoxyf  and  the  Soural  Soolety  for  a grant  for' 


tjhclaaaif  iod 


— ^ 
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twwnwAiPTnii  m AZDDBS  VBBi  ?HS  DiDffillSZONa  AB&  OOMPiBIWit 
VZIH  THE  Z£NGTS  OF  ¥BB  REACTION  EOHB 


7.P«  Bo«d«n  7*R»&  aaA  iUO*  IttLucn. 

Bssearoh  lAboratcxy  for  tho.PbysloA  ud  (EMolstxy  of  Suzfaooa» 
Dqpart&ent  of  Ptayaioal  Ofa«Biatrgr» 

CaabridEOf  Sifl^laiid# 


^troduoticau 

Ws  aov  hATi  o good  dooX  of  orldanoo  that  tbo  ialtlAtlOB 
of  o3g>lofl£yof  hy  iiqpaot  aad^^  friotioa  is  goxaorajljr  thoraol  la 
origin*  The  Boob&aloal  eaargy  of  tbs  blow  or  of  rvOobing  la  degradod 
into  boat  and  ooaoentratod  to  form  a "hot  opot**  Thaeo  hot  qpota 
aro  readily  forsod  ia  tiro  maia  eoyai  1*  dy  the  adiabatio 
ooc^reaalon  of  isall  iaoludod  gea  bubblea*  2*  Sy  f riotion  on  the 
ooaf iaed  aurfaoogf  oa  grit  partiolea  or  oa  oryatala  of  the 
esgdoalTe  it  coif  * Uhder  Yozy-extroBa  oondltioaa  a auffioleat 
tecperatore  riae  oaa  be  produced  by  Tisooua  bsaticg  of  the  rapidly 
flooiag  exploaire*  For  a gexwral  jurvoy  of  tbia  aee  Bouden  tad 
Iflffejl)* 

2£0re  recently  Or.  lUiU  (2)  baa  been  tnveatigating 
a new  type  of  hot  epot  formed  by  the  ijqpaot  of  a sharp  point  on  a 
hard  e\^aoe«  Tha  work  dene  in  plaatioally  deforming  a pointed 
metal  striker  oaiues  its  teaperature  to  rise  to  a value  of  aevwral 
hiaxdred  degrees*  This  tenperaturo  rise  is  proportional  to  the 
hardness  of  the  striker  ond  inverooly  proportional  to  the  heat 
oipaoity  of  the  mstal*  These  hot  apota  oavoed  by  plaatlo 
aeformatlon  oan  initiate  explosion*  (Sse  Figure  1.)* 

The  aotual  value  of  the  hot  spot  teeperature  neoessazy 
to  initiate  esplosion  varies  but  there  is  evidenos  that  for  a wide 
range  of  e^qploolves  it  is  in  the  vicinity  of  400  - 300‘’C»  when  tha 
duration  is  of  the  order  of  about  10*3  seo*  There  is  also  strong 
evidenos  that  the  hot  ^ots  must  be  much  larger  than  mdaoular 
distensions  if  thsy  aro  to  lead  to  explosion*  Again  the  limiting 
sise  depends  vpon  tha  es^losive  and  vpoa  its  tesseratxire  but 
e^eristants  show  that  the  sise  may  vary  from  10"^  to  10*3  ona* 
in  disaster* 


Unclassified 


Ttiy£  SCALE  CoiseCSJ 

Mgurt  1 t Cathode  raiy  oaoUloaoope  tnoes  of  the  high  teoqpemtuM 
piilsee  obtainod  pith  tungstea  aaedXo  etrikam  ca  a staal 
aovil*  The  firot  trao«»»  for  a 1»100  g*oaw  is3>aot9  giv<es 
a iTrfijrinnm  tesperature  zloo  of  250^0  aM  i« 
soffioleat  to  iaitiate  c^anurio  trlaaide  at  95^0»  The 
eeoond  trace  glvoa  a peak  teiiperature  of  315^09  i*lth  a 
3«300  ispaot#  an  energy  euffioient  to  oauee 

100^  i^tlatlOBU 


J^eee  Ag>e< 


ThAckn«g»  ' Omtv*  ([ukromD 

Figure  2 t Curvea  ahordag  the  inoreaae  in  teoperatare  neceeaaxy 
to  oatiae  ejploalon  of  thin  ohargea  of  lead  aeide* 


Unclassified 
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Qbal«Mifi«d 

Than  Ik  strcog.  Titoaot  that  la  aoat  •aqplosiTBar  helh^ 
liquid  axd;  ulid^  tbt  SMootica  bai^ias  at  tha  hot  qpot  aa  a 
ocsparatlTtljr  gantLa  ?>umins^  vfaioii  aooilaratao  to  a qpaed  of  a fav 
hiuttLnd  aatara  par  aaocad  Vif ara^  paaaiag  orar  iata  a ocaataat 
vileoity  datoaation  ahioh  boj  ba  of  tba  ardar  of  2 Ici^aao*  Fiaallj# 
if  tba  oonditiona  aod  dlaonaicaa  of  tha  eharga  ara  aidtahla  it  trill 
aooalarato  to  tha  aoxnal  high  valooity  datoaatloa  of  about 
5 to  i laxi/ai&a*  ttidar  appropriata  oondltioaa  tha  prooaaa  aiiqr  ba 
ocnaldarad  ar  a four  ataga  cpat—  (i)  aiitlatloo—  — ■» 

(il)  Burning  uhioh  aoealerataa  ■■  n (ill)  Low  yalooity  detcnatloa  a 
(iv)  High  valooity  dator  .floa* 

Tha  axlatanoa  of  tba  burning  ataga  awana  that  thara  any# 
in  initiation  by  ispaot*  friotion  or  ahook*  ba  an  appreoiabla  tizaa 
delay  bafora  dntonation  oooura*  Thia  can  Ta^  from  a fav  ta 
aatraxwtl  hundred  aioroaaoenda  (5)»  Xt  ahould  ba  anphaaiaad  that, 
the  failure  of  an  eaq)loalwa  to  detonate  ia  frequently  due  to  a 
failure  in  thia  burning  ataga  rather  than  to  a failure  in  ataga  {1)C 

With  aixq^  aaatallio  aaidaa  auoh  aa  those  of  Lead  and 
ailver».  thia  buniing  atagea  if  it  exists  at  allt  ia  very  abort* 

Pith  the  more  oonplex  aald(.a«  auoh  aa  oyanurio  triaaide*  the 
burning  atage  iai  however#  obaerved*  Thia  ia  aaaoolated  with  tha 
foot  that  in  a oonplex  molaoule  tha  deooopoaitioa  oan  ooour  in  more 
than  one  way*  BiqperlmentB  show  that  the  produota  of  deocspoaition 
during  the  burning  stage  are  quite  different  from  those  6b Gained 
during  detonation  (4)« 

Size  ef^r»ot8  in  the  initiation  and  grorrth  of  an  explosion* 

The  groTTth  of  a thermal  espXoslon  from  a anall  nuoleua 
ia  governed  by  alsple  pbyaioal  oonaiderationa*  A theoretioel 
troatmont  of  tha  faotora  involved  in  this  aicole  tben&al  theory 
for  gaseous  ayatems  was  first  given  by  van't  Hoff  ($)  and  has  been 
re**exca^ned  by  Trank-SUtmsnotdd.  (6)»  Bioe  (7)  and  eloo  Xlointon  (8)* 
Xt  baa  been  applied  Hidool  and  Robortoon  (9)  to  condonsed  high 
esplor^.vca  axid  their  oaloulatioxia  indicate  that  for  hot  opot 
tesperaturea  of  400  « ^^0  the  miniinum  aias  is  in  the  range 
mentioned  above* 

A aeries  of  asperlmantB  baa  boon  performod  to  study  the 
effeot  of  ozyatal  alae  on  the  exploalve  d^eoGsposition  of  Goetallio 
asidea*  Tha*^horxaal  theory  of  explosion#'  outlined  above#  suggeata 
that  if  wo  take  ozyatala  of  anall er  and  analler  size  and  heat  tbam. 
at  a fixed  tesperature  we  ahould  find  a alee  limit  bolow  whioh 
expluaioo  does  not  ooour* 

The  oritioal  size  appears  to  be  determined  by  the 
ssnilest  dimonslon  of  the  crystal#  its  thioknesa  if  it  haa  a 
pla'te^like  otruoture*  H^qporimbnta  (10)  with  small  ozyatala  of 
lead  and  oadi^um  azide  show#  as  we  should  e^eot#  that  the 
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Wgur»  4<  I A oxystal  cf  oadnluo  azldo  after  haatlug  at  317^(^ 
«Kowij3g  tha  oraoklng  and  breaking  ud  along 
ozyatallcgraphlo  planea  X4O0. 


Unclassified 


UbOlAMifltd 


oriiicMl  4qp«ate  on  tb»  ttapTttvuf  and  vitb  muftMlxai 
f CP  •ZMplft*  it  is  id»ottt  2ii>  jdeoa?« 

2h  s further  series  of  esperdjMCkts»  this  oonftrssssA 
sheets  of  leed  ixaide  end  single  oxyetals  of  silTsr  sside  of 
thiokBSsses  rsxgring  trm  iO  to  600  niorons  eere  plsoed  on  s slos 
hot  piste  la  a easll  eleotrioellj  hasted  oveof  the  teqperstto^e  cf 
ehiok  ess  indiaeted  hip  s thermncwigle»  Xbs  reehlts  ere  shovx  la 
Figure  2$  vhare  it  will  he  seen  that  es  the  thloIcneBB  ef  the  pallet 
is  deoresaed  the  tespersture  neoei^BSxy  to  oeuse  e:qploaioa  iaoreases* 
If  ve  extrepdate  tbaae  reatdts  to  a taqperature  ef  500^0  the 
oritioel  thlokneaa  is  shout  a Bdoren  ehioh  is  of  the  seae  order  cf 
Magnitude  as  tbs  oritioel  hot  epot  siee  for  the  saxae  teaperature, 
estiflsted  hy  the  eazlier  Methods*  It  is  interesting  to  note  that 
this  lladting  else  of  a fee  aiorons  is  sisdlar  to  the  thidoxeBs 
of  the  *hot  Isarer*  obtaixxed  hj  Cr*  Oourtneor^Pratt  and  Br*  Bogers 
in  their  recent  eaperisaents  ef  the  eaplOBion  of  asides  hgr  light* 
(See  paper  in  thia  sy^osius)* 


frooi  slailsr  oonsideratlens  vs  ney*  eaqpeot  the  ispeot 
eensitiritF  of  a exyotal  to  he  dependent  Apoas  ite  eii^ 

Br«  1*U.  YUill  (2)  has  reoontlj  investigated ‘the  effeot  ef  orystel 
else  on  the  Ix^oot  eenoitiritgr  of  lead  aside*  SU  results  are 
illustrated  in  Figure  3*  It  vill  he  seen  that  the  ixpaot  enexgp 
nsoeasaxgr  te  oauoe  esplooion  inoreaiioe  as  the  sise  ef  the  orystel 
is  rsduosd  in  a avinner  sixdlar  to  that  ohsorved  ehsn  the  ory^rtals 
vsre  iMated*  It  should  bo  noted  that  tmdor  ix^aotf  the  oxyotals 
ore  oruahed  and  flow  plastioally  to  f ona  a poUet  the  thidaieBs 
of  vhioh  is  about  one^enth  to  0Qe*<2aartor  that  of  the  original 
oxyatalf  Bxxsgesting  that  if  the  e3Cp3oBlen  starts  at  a. late  etege 
of  the  ispeot#  tbs  thidenees  aaj  he  the  linitlsg  feotor* 


Initiation  cf  oxr>l.cgioa  with  high  upoed  partiolea.  The 
effeot  of  irredlating  a n^or  cf  seaflltiw  e:sipl03lva  o:yatale 
(eooh  as  lead  aside#  eUvor  aside#  oadgdum  asite  end  nitrogen 
iodide  and  ailTor  aoet^^ido)  vith  high  BPC«d  partiolea  has  hsea 
studied  by  Bovden  and  Singh  (10)*  Thsy  wore  aubjeoted  to 
irrsdiatlon  by  deotrons#  hy  noutrene#  by  f iaalon  produota  end 
by  X-rays*  ill  those  eubatonoeii  vore  exploded  hy  an  Intones 
slsotron  stream  but  experistint  iihouod  that  thia  la  a tbercul  effeot 
and  ia  due  to  a bdk  boating  of  the  oxyatal*  Kitrogen  iodide  is 
exploded  by  fission  produota  but  thia  eubatanoe  ia  anonalous* 

Vith  other  eubatanoea  interesting  ohaagea  vrlthin  the  oxystal  are 
observed  and  those  effeot  the  aubeequont  tbertiial  deoficpoeitlcn 
but  no  explooloQ  reaulta*  The  experiaenta  show  that#  in  general# 
the  aotivatioa  ef  a aiaall  grwff  of  ad^aoent  zadeoules  ia  not 
enough  to  oause  exploaioa  and  sepport  the  viev  that  the  neoeasoxy 
*hot  spot”  else  is  Xaxge  ca  a ncleouler  aoala  (oa«  ICT^  oma  in 
diamater)* 
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Flgorc  3 t Atotron  nioroBOope  piotura  (XSOfOOO)*  at  a partiaUjr 
daocBposad  l«ad  aaite  oxTotA*  Ths  oxyital  i« 
ippaxantljr  broaklag  19  l&to  tiny  lilooiclatc  about 
10*^eBk  aoroaa. 


Thrkncu  Ol  SUb 
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Fi^pare  6 t Tha  relation  between  the  thiokneae  at  a sheet  at  lead 
azide  and  the  detonation  velooity*  The  continuous 
ou]^  la  the  velation  to  be  ezpeoted  frca  the  modified 
Jones'  theozy  takii^  the  length  of  the  reaotien  some 
as  73  Blorens* 
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Oiolwlfl«g 

OH»ng««  -wliftfr  th»  orr»Ul»  3f  ths-  ^fstals  %X9  bclov 
fK*  mrltloal  alia  or  iargcr  ozTvti^  art  hasted  «t  a lovar 
twiiorntiirn  ao  that  ooljr  thenaaa  daonqpoaltiatt  trie—  y^aoa>  th» 
•ajrateXa  i^Ilt  uA  bruAc  vp  aloog  oxTataOlegxaptiiO'  saL«»»(:t0)k 
Tt^  la  UluatmtoA  In  Pi^ioa  k*  for  oadalai  asido*  Thla  mgsaata 
that  tha  rata  of  daocapoaitlcn  aaj  ba  a aariaia  aloeg  prafarrad 
diraoticoa  within  tte  oz^vtal*  Sba  ISaocepoaition  lawolTta  th» 
f om&tlon  of  Botallia  anoLai  and  tha  arolution  cf  gaaeooa  nitrogaa* 
aoaoBpaniad  bj  a lazsa  aanwit  of  haat*  and  tbia  aajr  aaailj  load, 
to  a flpllttiag  of  tha  ozyatal*  Thla  splitting  oaa  eoour  with 
Ticdaitta*  The  ig>7aadiag  of  tha  defaota  and  oraoks  through  tha 
oxgratal  taaj  play  a part  in  tha  propagation  prooaaa.  It  will  alao 
inflmnoa  the  rata  of  thenaal  deooopoaitlan  by  aopoaiag  a laxga 
asarant  of  fzeah  auzfaoa*  Zn  addition  to  tha  deralcpMnt  of  oraoka 
a a<i<4r<miiig  of  the  crystal  takaa  place  ahoving  that  noolai  are 
being  f omad  within  tha  oxyatal. 

Tha  eleotr  A niorQgraph  (Figure  3)  of  a taall  partially 
daoocpoaed  oryatal  of  lead  aaida  ia  of  partiouLar  intaraat*  The 
photogrcph  whloh  ia  taken  at  high  nagnifioation  ( 30*000)  ahoes 
that  daoocpoaition  thw  eiyatal  appears  to  br^  cp  into 

wwxy  blooka  about  KT^ons*  aoroaa  indioating  that 
praferential  deooqpooitlon  oooura  at  tha  auxfaoa  of  thaaa  bloeka* 
rhaaa  ny  eonwopcnd  to  tha  alassntary  cocalo  atruotura  of  tha 
crycUlt  Sinoa  wa  would  espeot  dooosposition  to  ooour 
' pKforaatially  at  the  ozyatal  dofaota  theea  olasonteoey  blooka  nay 
ba  nora  raaiatant  to  reaotion  axA  rocpaira  a higher  tc^erat\uw  to 
daoospooa  thesw  Ttoaa  amall  oxyatal  fregt^ota  oan  dataoh 
tbssnolraa  frca  the  parent  ozyatal  and  (paito  frocptoxxUy  this 
hsppena  with  esploaira  Tiolenoe*  Thase  flying  fncgraanta  aey  play 
a part  in  prcpcgoting  tho  aaploalea  trcaa  ozyatal  to  ezyetal* 

Size  effaota  In  tha  detcnaticn  of  aaidea* 


va  haTt*  vp  till  tha  praaant*  bean  ocoaldaring  tho  I 

influanoa  of  aiaa  on  the  initiation  or  tha  growth  of  oovloalon  • ^ 

that  la  on  atagea  (1)  and  (11).  It  is  of  interest  to  oonaldar  1 

tha  Influanoa  of  phyaioal  diaaraaioxui  on  the  laat  ataga  tha 
azploaion*  that  ia  on  the  otabla  detcnatiro  - stage  (ir)  - in 
asidas* 

Tha  effect  of  oharga  dianetar  on  the  datcnation  ralooity 
of  a high  aaploslTa  has  bean  stuiiad  by  a nmi>ar  of  wozkera  | 

(o.g,  Biohal,  Uettageng*  Dautriohe,  Kaat*  Hiaoook*  & JoxMa# 

Paterson  and  Ford)  toA  the  resulta  hare  bean  susz^arlzed  by 
J*  Taylor  (11)*  The  eiporliEeata  hare  been  olraost  esolusitely 

oonoomed  with  high  o:)q?lcalves  auoh  as  TNT  and  ooeplex  ' 

nitroglycerine  ozplooives,  and  in  all  oacaa  tha  diccetere  were  I 

lazsa  (of  the  order  cf  1-20  cm)  ocepared  with  tha  loogtha  of  tha  ; 

reaotion-sonea.  Tha  estinated  length  cf  the  zwaotion  sone  of 
finely  powdered  TNT  is*  for  eiarple,  about  0*3  caw  and  that  cf 
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Bawflian.  tad  KoSaUBitt.. 


lipoid  citrfl^oro«ria0  is  0«04>  ea»  Zt  ssa  cbasirad  that  tbs 
dstODatioQ^  YSleeity  iaovossod  with  tbs-  dlsastsr  of  tbs  saplosis^ 
obazgs»  agppresohiac  s mrinn  sstyaptotlosliy.  Tbs  zssuZts.  s^  W 
sapjatond  la  tsxsks  of  tbs  faordrod^TB&isio  tbaoxy* 


Littls  soric  ^esBs  to  hs^  \>s«a  dozM  with  tbs  Initiating 
as^losiyss  aad  rsosotly  aspariaents  baas  baaa  nsda  to  anslysa  tbs 
effeot  of  ohanga  of  thidoiass  on  tbs  dotonation  TOiLooitgr  of  laad. 
asida  vhanpxaasad  into  thin  abaata  ok  Uus  thidaasaa.oC. 

tbasa  was  oonparabla  with  tba  length  of  tbs  raaotion  sons  azt& 
varied  from  about  20  to  500  xsiorona*  Tba  abaata  sera  1*3  aa»  long 
and  0*5  on*  and. sera  i&ada  in  a devioa  vhiob  ananrad  that  tba 
density  did  not  vaxy  by  Biora  than  a fas  percent  f ron  one  sbaat  to 
another*  Tba  oean  danai-ty  of  tba  abaata  was  ^14  giB*oa~3  oonpared 
with  the  oryatal  density  of  about  4*^  g>B*om‘'3,  "Pura*  laad 
from  a single  batch  saa  used  tbroogboot* 

The  datcnatlon  vedooity  saa  dataxninad  by  naans  of  a 
aiipla  drum  oanara*  A shoot  of  knoon  thiolmaas  saa  placed  at  tba  and 
of  a trail  (about  2 on  long)  of  posdared  laad  aalda  on  a glass  plats 
.over  a alit«  and  tba  a3q[>loslea  initiated  by  neana  of  an  adaotrioaUj 
heated  sire  in  tbs  povdsr*  The  Moults  are  plotted  in  Figurs  6* 

Zt  will  bs  seen  that  for  ahasts  of  thibknass  cf  UOO  xdorcns  siA 
grantor  tba  detonation  vslooity  is  constant  at  approodnatalj 
3*5  kffi/MOj  and  deorsasas  steadily  to  about  2 ka/soo  for  a tbiolcMas 
of  about  20  adorons* 

An  atteapt  has  bean  anda  to  agg;>lain  tbasa  results  in 
tarns  of  tba  aipanding  Jet  tbooxy  of  J*  Jones  (12)9  itself  sn 
axtanoion  of  tho  faydrodynaoio  tbsoxy#  nod  if  led  to  apply  to  tbs 
present  asparisantsl  ocndltlons*  The  tbsorgr  is  based  upon  tba 
fact  that  in  solid  axploaivas  a certain  lateral  of  tbs 

daoosposixig  materials  sill  elwfiys  take  place  vitb  uajr  praotlosl 
degree  cf  ooBfinenant*  If  tbit  eapanalon  vitbin  the  reaction  sens 
takoa  plaoa  before  tba  raaotion  is  occpletef  part  of  the  asploalts 
daoocposes  at  a lowar  effective  loading  donsity»  and  benoef  a 
loner  detonation  velooity  than  that  ebiob  vould  ooour  if  no  lateral 
ejpanaion  took  plaoe«  is  to  be  espeoted*  Jones'  oaloulations 
were  made  for  oylindrloal  ohargea  where  the  oonstraint  la 
gTmmetrical  about  the  axis* 


In  ovtr  eaqperluents*  with  very  thin  sbeats  of  e^ploaivef 
this  was  not  the  case  since  the  width  of  the  efaatge  is  so  muoh 
greater  than  the  thickness.  Wa  have  aasumed  that  the  aaqpanslca 
la  a^mmetrloal  in  a vortical  direction  about  tho  ecdLa  of  the  charge 
and  that  no  lateral  expansion  takes  place  horizontally.  Wa  should 
thus  expect  tba  detonation  velooity  to  deoreaaa  more  aloidy  with 
decreasing  thidoiass  than  in  the  case  of  a cylindrical  charge 
where  expansion  in  two  dimensions  will  take  place:  The  raaotion 
is  initiated  at  tl^ia  shcok-wave  frcait  and  davalcps  over  a certain 
distancOf  X;  - the  reaction  zona* 
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Tb*  theoxy  prcridaa  aiv  «a^pr«Mioo.  foar  tte  dotonaticn 
Telocity^ ▼#  for  any  thioknoss  of  ohaxr4  in  tom  of  tbo  audam 
KttJallM.  raloaity  bbA  tho  ratio  of  tbo  loagtt^  of'  tbo  roootion  ooao 
{7^  to  tho  thiokao—  of  tbo  cborgo*  From  tbo  thidoaoio  for  vblelt 
▼ • Vo  VO  oon  oolotiloto  Z*  seo  from  Figuro  6 that  for  load, 
aaido  tbo  orltibal  thloknofla  j.ioo  botooon  4oO  and  600  niorona* 

Thia  glYoa  a valiM  for  Z o^  e^proadaateij  75  sdoro&a*  Tho 
thoorotioal  voXationahip  Utftooon  the  dotenation  -relootty  and  the 
tbialBaoao  of  tbo  obaxs*  lo  plotted  (croptiimpar  aarrmyi^ 

Figoro  6»  eboro  it  nay  bo  oozqparod  with  tbo  oaporimostal  roaulta* 
Fairly  good  agroonetxt  between  esperiment  and  thaoxy  is  obtained 
owar  tbo  range  of  tbiakneaaea  for  whiob  tbo  thooxy  ia  wiLLidf  i«o* 
for  tblokaooaoa  groator  than  the  length  of  tbo  reaotion  aonor 
Below  100  adorona  tho  ourwo  (dotted)  joining  tbo  exporioental 
pclnta  ia  a smooth  ocntinuation  cf  tha  tbooretioal  ourra* 

Yo  may  oonolvidoy  tboroforo»  that  tbo  variation  of 
detonation  veloolty  with  tbidcaoaa  of  obargo  for  aaidoa  ia 
analogous  $ though  on  a very  diff orant  8oala»  from  that  cbaarvad 
for  high  eo^loaivaa  and  oan  be  eaplainod  roaaonably  wall  in  taxma 
of  the  faydrodynaolo  tbooxy*  The  oaloULatod  length  cf  tho  roaotim 
aone  for  load  aside  la  from  thaaa  e3g;>arimenta  approocimataOly 
75 


Infloaooa  of  orior-boatixw  on  tbo  dotooation  velcoitr* 

SOBM  orqporiaoBta  have  also  bean  oarrlad  oat  to 
inveatigata  tho  o^oot  of  boating  on  tho  ahb80<2attnt  detonation  of 
load  aside*  Occspreaaod  aheeta  of  tho  oaploaiTO  woirx  boated  In  an 
oven  to  a fixed  tosporaturo  lying  between  200*  and  500*0*  Tho 
boating  waa  oarriad  out  for  porioda  of  five  adnutoa  or  longer*  Tba 
aaqploelTa  waa  than  allowod  to  oool  and  tba  detonation  waleoitj 
doteralnod*  It  waa  found  that  a ooeperativO]^  gontlo  boating  of 
the  oaqplooiwa  oooLd  oauao  a xarkad  dlmixxution  in  tbo  detonation 
vBlooity* 


Zh  a parwUal  aarioa  of  orparizBontBf  tba  (Mvloaivt 
heated  la  vaouo  under  idontioal  oonditions  and  tbo  preaauro  of  gas 
evolved  measured  aa  a funotion  of  time;  it  waa  fo«^  that  tha 
deoccpooition  waa  asnll*  The  xseobaniom  of  this  rvtaraation  io  not 
yet  oloar  and  further  woxk  ia  in  progroaa* 

AotoddadganantB. 
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Vhon  Kallsrd  azid  Le  Ohatoliax'‘(l)  first  used  a rotating-drun 
oaxDora  to  a*'udy  dstonatioa  in  esq^osivs  gasos,  it  was  at  onoe 
apparent  that  the  losdxioalty  of  the  phenonianon  varied  aooording  to 
the  ohemical  nature  of  the  nedlumf  being  nuoh  brighter  in  aome  gases 
than  in  others.  Suoh  photographs  SMiaalljr  ahov  an.  initial  bri^t 
lias  or  "streak*,  ooinoiding  with  the  passage  of  the  *detoxiation-wave) 
and  s residual  glow  vhloh  xaay  be  traversed  ^ similar  streaks 
representiag  the  passage  of  *8hook-i<vaves*(2)*  The  residual  glov 
often  shoes  striations,  oosnonly  attributed  to  mass  ooveaeat  of 
incandescent  natter,  a^  aonetd^a  alternating  bright  and  dark  bands, 
supposed  bj  acne  to  iadioate  the  helloal  pro^ssion  of  the 
"detonation  head"(3)*  Thus,  the  luminous  e^eota  aooo&^aaoring 
detonation  in  gaoos  reflect  tho  train  of  ohemioal  and  physical  events 
occurring  in  nodiua  foUoeing  the  initiation  of  the  exploaive 
reaotlon* 


The  flanoa  of  oondsnaed  erplosivea  appear  to  be  equally 
Qoa^ex  and  have  attraoted  considerable  attention,  partlotlarly  ehsrs 
photogxephj  has  been  used  in  the  dsvelopzoent  of  "flameless*  e^qpXooives 
for  use  in  fiery  ooaL  sdnas*  Three  diffncent  kinds  of  fleas  have 
been  noted  in  oordsnsed  exploalves  and.,  > aooording  to  Leaaire(lf), 
these  represent  three  distinct  ohemioal  atages  in  the  detonation 
prooeas,  nexsely,  tbs  fast  "prisazy  reaction",  in  vhloh  the  oondenaed 
esqplcelve  is  suddenly  convened  into  gas  at  high  ten^eratxire  and 
pressure,  the  slower  "seoondary  resotioas*  vhloh  take  place  among  the 
produota  of  the  primary  reaotion  and  tbs  "tertiary  reaction"  in  which 
the  hot  seoondary  produota  oombine  with  atmospherlo  oaygen.  Thus, 
Ijomairo  attributes  all  detonation  liunlnoalty  to  ohemioal  action. 

On  the  other  hazid,  Eoraour(5)  aeserte  that  most,  if  not  all, 
of  the  light  aoocoq>anylng  detonation  arieee  from  the  physical  liq^ot 
of  the  detonatioxk^ve  on  the  ambient  medium,  this  type  of  luminoaity 
being  strikingly  demonstrated  in  the  "argon  photographio  fla8h"(&). 


ieeei^diag  to- fM:»  tho- liight  eaetiutos  from  soturaeo  eixtizvlx: 

oataiOo  lk>tb  the  oaoleoiTO  aa&  if*  dotonation  produoto^  and  no 
would  appear  to  bo  onl;  remotely  aoimeoted  with  the  ohemlatzy  of 
detonation.  Thua^  the  two  current  wiewe  mi  thie  oatter  appear  ta 
be  oontradlotoary* 

It  will  be  aeen  froia  thia  ahort  review  that  detoaatlMa 
flaaiea^  sake  an  Interacting  study  and^  if  the  aouroes  of  those 
transient  IVOTlnnattAaa  oa&be  identified,  information  may  be 
obtained  on  tlw  ohemioaX  koS  phyaloaZ  behaviour  of  matter  under 
the  influence  of  detonation-wavea  and  ahoolc-wavea. 


Sha  flamea  from  oondenaed  esg^aives  may  be  oonveniantly 
illustrated  b7  laaane  of  photographs  taken  in  the  dark  with  an 
ordinary  oaoera  with  its  shitter  ppen^  UTlth  powerful  explosive 
oompouixla,  in  oontraat  with  weak  e:qiloslve  mixtures^  a "still” 
photograph  obtained  in  thie  way  usually  shows  little  more  than 
an  Illuminated  cloud* . This  is  evident  in  the  photographs  of 
Vill(7)»  Blsoook(8)  and  others,  and  is  illustrated  in  Tig.  1, 


whloh  was  obtained  with  a small  pellet  of  tetryl, 

Anythiz^  whloh  may  have  happened  In  the 
immediate  vioinlty^of  the  cartridge  is  obaoured  by  thia  Izlghly 


luminous  doud  and  the  first  tsak  is  to  remove  thia  obataole. 


One  way  in  which  thia  may  be  dozie  Ip  by  reducing  both  the 
onygM  defloienqy  of  the  osqzloslvo  and  the  size  of  the  oharge* 

The  photograph  reproduoed  in  Tig.  2 shows  simultaneously  the 
position,  sire  and  shape  of  eaoh  flame  relative  to  the  oartildge 
and  to  each  other  for  e particular  explosive.  Like  Fig*  1,  this 
is  an  ordinary  still  photograph,  taken  in  the  dark,  of  a small 
cylindrical  cartridge,  1 in.  long  by  0*5  in*  diameter,  of  granular 
explosive  wrapped  in  cellophane  and  fired  vertically  dbwnwau'ds* 

In  thia  oaafr,  however,  the  ejqiloaive  used  was  pentaerythritol 
tetranltrate, 


Reading  from  the  cartridge  outwards  or,  in  other  words, 
taking  the  flamea  In  chronological  order,  we  have  first  the  "primary 
flame"  which  aeema  to  fill  the  cartridge  but  keepe  rigidly  inalde 
it,  then  the  "secondary  flame"  oharaoterlsed  by  lundnoua  atreamers 
issuing  from  the  explosive  and,  finally,  the  "tertiaiy  flame"  whloh. 
In  this  Instance,  le  somewhat  attenuated  and  has  rloon  Just  enough 
to  let  the  prlmazy  and  accoxidary  flames  be  seen*  The  buoyancy  of 
the  detonatlcu  prbduots  and  the  appreciable  delay  before  the  oloud 
burst  into  flame  are  intoreating  to  zute* 


Our  IdeniS^fttloa  ct  ths  tfarw  flsscw  at  d«tou«tioa  ia 
ooatoaMd  exjilosives  is  eeaftzmed  tir  > andb  th«  t«rtlftS7 

aad.  attoordiy  flaxrao  of'  nitragZ^nserjLiss^  ^0»3eCNOu5»  J.buTO  Vooft 
extia£uiahod  la  th&t  order  V ftddlag  iaoroftsi&g  proporSioao  of  lasrt 
noitor,  this  b»lag  tho  trsditional  method  of  ^fliaaaliaa^ 

ex^oeiroo  for  uso  ia  ooel  sBlr>»a(9)*  Hero,  tho  cartridgo*  wro 
mt<7h  larger  aad  the  photograph*  illuatrato  the  effect  of  oartridgo 
ahapa  oa.  ttaeaa  flames*  Xa  oonjuaotloa  slth.  % as^ 
these  photographs  ahem  oertaln  cdiaraotaritioai  of  high  rvcploaitr 
fluaaa  whioh  are  very  suggestive,  nacsely;- 

The  prii^ary  flame  tokes  its  else,  shape  aad  own  ita  texture 
froa  the  uasxploded  materlali  It  illuml nates  the  statioaaxy  natter 
mvtA  goes  out  before  movemeat  beglxu  or,  at  loaat,  before  It 

beooaea  aotioeablor 

The  seooxtiJLxy  flame  ooasista  of  luminoua  etreamors  which 
travel  mainly  in  straight  lines  sad  dlndnlah  In  width  with  icoreaaing 
diatanae  Arom  the  cartridge  p the  inoandeaoent  material  behaves  more 
like  projected  matter  than  an  expanding  8^* 

The  tertiary  flante  inoreases  in  sise  and  intensity  with 
Insreaisicg  o^Qrgen  defloienoy  of  the  explosive,  o*f*  Pig*  1 and  2* 

It  appears,  therefore,  that  this  flame  represents  the  deflagration 
of  a olcnd  of  oouibastlble  residuea  and,  further,  that  ignition  ooours 
sponteneously  after  an  appreciable  delay  in  an  upward-moving  doud 
which,  until  then,  is  Invlaihle* 

These  inferexuea  tend  to  support  a ohendoal  interpretation  of 
the  origin  of  detonation  lumiaosi^  and,  so  far^  give  little  evidence 
of  shook-vave  lusdnosity*  Kaverthelees,  there  are  certain  features 
of  the  priffi^  axA  seooz^Uixy  flames  wfaioh  suggest  that  the  e:qplanation 
offered  by  Lemaire  is  not  wholly  acceptable.  Moreover,  the  apparent 
absence  of  sbools-wave  lumlnocity  is  rather  surprising  in  view  of 
Uuraour's  experiments  ai^.it  eeens  desirable  to  take  a olosor  look  at 
the  primary  and  seocsdary  flames. 

Rfi3aary  Plane 

To  study  the  primary  flame,  it  Is  ocnvoniont  to  use  a "streak* 
oaaera  whloh  provides  a time  scale  whereby  the  speed  and  duration  of 
the  flame  may  be  eotinatcd*  The  photographs  which  we  shall  reproduoe 
were  obtained  with  a rotating-mirror  oaaera  capable  of  writing  speeds 
\xp  to  400  m.  per  sea. , tho  optioal  system  coaprisicg  two  lenses  with 
the  conventional  "slit*  looated  between  them*  This  arrangement  is 
not  reoommended* 

As  illustrated  in  Fig.  5,  tho  photograph  of  the  prlmaiy  flams 
takes  the  form  of  an  inoUnad  streak  whloh  plots  its  progress  along 
the  cartridge  against  a vertical  time  scale.  The  explosive  oartrldges 
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irare  uKoalJiy  around  inoh  ixt  diatafrior  and  ta  a foot  ia  laagth* 

Za  tto  present  context,  xxuaerioajk  detakils  ere- uniii^ortant.  because  our 
a&s3^Ests  in  quaHtetire  rather  than  queBtitetiee*^ 

7^1g«  5 eas  obtelaed  with  a cartridge  of  granular  pentaerythritel 
tetranltrate,  and  it  should  he  reznarked  that  the  lens  apertxure  ves: 
adjusted  to  avoid  recording  the  lose  luninous  secondary  flaxae*  Zt 
eouldba  inooxrect^  therefore,,  to  that  the  ahsanoe  of  seooxxlatxx 

and  tertiary  flcirea  in  detonation  photographs  signifies  that  none 
existed«  On  the  contrary,  Fig*  2 ohovs  that  even  snail  charges  of 
this  explosive  produce  both  secondary  and  tertiary  flanes*  Althou^^ 
this  point  I3  often  overlooked,  this  situation  is  inevitable  because, 
even  with  e oonetant  aperture,  the  apparent  intensity  of  the  light 
would  still  depend  on  other  factors  suoh  as,  for  exanple,  the  speed  of 
the  flame.  Cosqparlson  of  luminous  intensities  should  therefore  be 
made  with  some  oaution,  especially  when  one  photog^^aph  is  compared  vllb 
another.  On  the  other  hand,  since  Rig.  2 and  3 both  agree  on  this 
point,  it  seems  reasonable  to  oonolude  that  the  primary  flame  in 
g«*anular  pentaexythritol  tetranitrate  is  auoh  laore  vivid  than  either 
th)  secondary  or  tertiazy  flames* 

The  moat  remarkable  feature  of  this  photograph,  a feature 
oosmon  to  aU  primary  flame  photographs,  is  the  extremely  short 
duration  of  the  primary  luadivsity*  keaouremonts  of  suoh  photogra]^ 
euggret  that  the  emitters  are  active  for  probably  less  than  one 
mioroseoond.  They  seen  to  appear  abruptly  and  to  disappear  with  the 
same  abruptness,  which  suggests  that  they  may  be  atoms  or  free  radioale, 
their  brief  period  of  activi^  being  a measure  of  their  limited  life. 


Itie  photograph  reproduced  in  Rig.  i was  obtained  with  the 
same  explosive  as  before,  but  on  this  oooasion  half  of  the  Cartridge 
was  infused  with  argon  and  the  other  half  with  butane.  Where  the 
intergranular  epaoes  were  filled  vdth  the  monatomic  gas  argon,  the 
primary  flame  is  much  more  luminous  than  wh^rre  the  interstios  were 
filled  with  the  oomplex  gas  butane.  This  leads  to  two  interesting 
ixiferenoes,  namely,  that  the  emitters  are  probably  atoms  and  that  th«y 
derive,  at  least  partly,  from  the  inter stltiol  gae. 

The  latter  inferenoe  is  borne  out  by  the  remarkable  faot  that 
pure  explosive  oompounds  in  the  form  of  cast  or  highly  oompreasad 
pellots  give  surprisingly  little  primary  luj^nosity,  the  same  being 
true  of  liquid  and  gelatinous  e;q;>losives.  A stjdJcing  demonstration 
of  this  faot  is  given  by  TayiorCiO)  who  reproduooa  a atre&k  photograph 
of  a oomposlte  charge  made  up  of  alternate  layers  of  a high  density 
explosive  and  an  inert  salt.  In  these  oiroumstanoea,  tha  primary 
luminor  ity  is  very  intense  in  the  granular  salt,  but  is  hardly  risible 
in  the  explosive.  Moreover,  in  mixtacds  of  nitrogl;,’oerine  and  ooacoon 
salt,  the  intensity  of  the  prixoary  flame  seems  to  lT>orea&e  with 
deoreasing  proportion  of  nitroglyoerine.  In  other  words,  the  presenot 
of  ohendoally  inert  matter  tends  to  intensify  the  primary  flame. 
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These  apparently  irrational  Taota  admit  of  a very  aiople 
ejqil8na.tlon,  namely  I that  the  initial  prodUote-  or  detemation  possesa 
irfwattrt  energy  rather  than  heat.  It  nay  be  reoalled  that  Bortholot'a(tO- 
theory  of  detonatioxi  impllea  that  the  er^gy  released  in  an  wcplosivo 
reaction  appears  first  as  kinetic  energy  of  the  newly^created 
ffioleoxiles  and  that  the  fundamental  difference  betireen  deflagration  and 
detonation  resides  in  the  fact  that  the  motion  of  the  moloculea  is 
random  in  the  former  caae,  but  unidirectional  in  the  latter.  It. 
follows  from  tliis  that  collisions  occur  immediately  in  deflngyatioxx. 
and  tifndlnr  reactions,  giving  the  spontareous  effect  of  heat,  hut, 
because  the  molecules  are  travelling  in  the  same  direction  in 
detonation,  collisions  are  fewer  and  leas  energetio  with  t'  4 result 
that  there  is  little  heat  as  ordinarily  understood.  To  produce 
collisions,  the  moleoules  must  encounter  resistance. 

This  inferenoe  suggests  that  confinement  should  increase  the 
luminosity  of  the  pjrlmary  flame  and  Pig.  7 demcnstratos  the  effect  of 
removing  the  oellophane' wrapper  from  part  of  an  explosive  oar t ridge, 
the  brighter  portion  corresponding  to  the  wrapped  explosive.  As 
5owden(l2)  ar^  his  collaborators  have  shown,  thin  films  of  explosive 
caught  between  impacting  surfaces  give  out  a surprising  amount  of 
lighW  Again,  if  a high  density  <*xplo3ive  is  fired  in  a vaotnua  and 
an  obstaole  is  placed  in  the  way  of  the  expanding  products,  the  sudden 
conversion  of  their  Idnetio  energy  into  "heat"  produces  a brilliance 
far  transcending  the  light  from  the  primary  flame.  As  a vacuum  can 
neither  support  a shook^wave  nor  ecatt  light,  this  inoanc''esoenoo  must 
occur  in  the  products  of  detonatit  - Ratnor(l3)  seoka  to  explain 
this  effect,  which  is  also  apparent  in  air,  by  assuming  that  the 
outer  skin  of  explosive  escapes  decozaposition  in  the  primary  flame 
but  is  overtaken  at  an  obstacle.  Sven  this  explanation  associates 
the  light  with  the  explosive  rather  than  the  ambient  medium. 

Thus  the  evidence  suggesta  that  the  energy  released  in  the 
primary  reaction  is  contained  in  the  produote  largely  in  the  form  of 
kinetic  energy  in  the  direction  of  propagation  and  that  ai^ 
resistance  they  meet  causes  kinetic  energy  .to  be  converted  into  the 
equivalent  of  heat  and  so  leads  to  inoandescenoe.  If  the 
resistanoe  is  offeree  by  a gas,  inoandescenoe  may  be  induced  in  the 
gas,  provided  not  too  ouoh  energy  is  absorbed  in  its  cheudoal 
dissociation. 

3hogk>"wave  Luainosi 

The  reality  of  s^iock-wave  luminosity  is  demonstrated  in  a 
very  convitwlng  manner  by  Muraour(l4)  who  produced  incandesoence  at 
the  meeting  point  of  two  non-lumlnous  shock^^ves.  It  may  be 
deduced  from  this  exp-’*iinent  that  before  a shock-wave  can  become 
self-luminous^  it  would  have  to  travel  at  a speed  approximating  to 
the  relative  velocity  of  Kvu‘6cur*8  shock-waves,  which  would  suggest 
a figure  of  the  order  of  5 J®*  P***  8®o* 
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It  has  hsstt  daisonstrated(l5)»  howsrer^.  that  whea  an  e:qplo8l^ 
iv  fired  in  or  into  the  atTy  the  shoolc-wa\e  does  nst  separate  from 
tbr  exFBndA,Tig  prodoots  until  the  speed  of  the  oosiblned  disturhanos 
has  fallen  to  aboixt  2 law  per  Beo*^  at  which  speed  the  shook-wnvs  is 
quite  definitely  non-luainyous*  It  appears,  therefore,  that  shook* 
wave  lunlnoaity  is  likely  to  appear  only  with  high  velocity  explosives 
and,  when  it  does  appear,  it  xdH  be  difficul';  to  distinguish  it 
from  product  luminosity  or»  in  other  words,  Iiemaire*8  secondary  flames 

It  has  been  said  alrea^  that  the  prirmry  flame  is  rather 
feeble  in  a homogeneoua  explosive  so  that  this  type  of  explosive 
might  be  vezy  suitable  for  studying  shook-wave  luminosity*  Ey 
dlreotlng  the  distttrbanoe  from  the  end  of  such  a cartridge  into  a 
olose*fittlng  tube,  lateral  expansion  is  prevented  and  the  high 
velocity  is  maintained  over  greater  distaxises*  Moreover,  lateral 
losses  being  small,  the  "wave"  may  be  e:q>eoted  to  asauss  a plaxia 
f^ont.  so  that,  by  viewing  it  from  the  side,  some  idea  of  the  depth 
of  the  luminous  zona  may  be  obtained*  This  technique  was  used  hy 
Laffltte(l6)  but,  being  handicapped  by  the  low  resolving  power  of 
his  osmera,  he  was  unable  to  disclose  the  fine  structiure  of  the 
*wave%  Ve  therefore  reproduce  in  Fig*  8 s hlgh*Bpeed  oamerm 
photograph  of  the  Ivutdnous  effects  produced  in  an  air-filled  tube  on 
tixlDg  a charge  of  oompreaaed  pentaerythritol  tetranitrate  at  one  end 
Fig*  9 ahowa  the  same  shot  fired  into  argon  but  with  a considerably 
reduced  aperture*  Except  for  the  fact  that  the  disturbance  is 
very  much  more  luminoua  in  argon  than  in  air,  the  two  photographs 
are  almost  Identioal*  It  may  be  added  that,  oh  replacing  the  air 
by  butane,  the  luminosity  is  markedly  decreased* 

These  results  agree  with  those  of  other  observers  and 
oonflrm  that  the  luminosity  of  the  disturbance  varies  according  to 
the  nature  of  the  surrounding  gas,  but  whether  the  ^nt 
contributes  to  the  emission  or  interferes  with  it  is  open  to 
question*  It  is  well-known  that  the  secondary  flame  oan  ba 
suppressed  by  firing  the  explosive  in  an  atmosphere  of  butane  or 
some  other  complex  organic  vapour  and  it  seems  likely  in  this  case 
that  the  Wnetio  energy  is  absorbed  in  dissociating  the  vapour.  In 
other  words,  if  the  chemical  energy  of  the  explosive  can  bo  given 
out  as  kinet*,  energy  of  the  products,  it  is  equally  possible  for 
the  kinetic  energy  of  the  px'oducts  to  be  absorbed  in  the  chemioal 
dissociation  of  the  medium*  Mcreover,  if  the  emitters  are  atoms, 
.the  difficulty  of  producing  luminosity  in  complex  organlo  vapours 
is  explained* 

On  this  view,  the  heavy  monatomlo  gas,  argon,  is  a major 
contributor  to  this  type  of  Ixminosity  but,  since  action  and  reaction 
are  eqnal  but  opposite,  the  product  loolecxiles  involved  in  these 
collisions  are  also  liable  to  be  dissociated  and  contribute  to  the 
luminosity,  as  they  do  on  striking  a rigid  obstacle*  Thus,  the 
difficulty  in  separating  shcck-wavo  luminosity  from  product 
luminosity  still  persists* 
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On  exasdning  tha  dAtalled  atrueture  of  the  t«a  photogvapbsy 
it  vtU  be  seen  th^  the  evidence  la  ocna latent- wltb  thl»  aeafaanisat 
of  light  eatagioito  Qte  products  of  detonation  are- relstlvalj^  z>osir» 
Itrednotts  te  begin  vith  and  their  first  encounter  ivltb  the  ambAsnt 
medium  is  at  a aurfaoa.  This  aurfaoe  approximatea  to  a plax'e  wlddt 
is  vleifred  from  the  side  and  ao  appearSf  at  first , very  thin.  As 

the  products  advance  into  the  gas,  the  oollisiou  sons  increaees  In 
depth  aooordlng  to  tha  time  and  spaoe  ^'equired  for  the  alien  particles 
to  themaelvca  to  the  toovsnunt  oT  the  madias  rfaey  have 

entered.  Once  they  fall  Into  step,  order  fe  rvatotred  and  thr 
lundnoalty  oeaaea# 


( 


It  appears  from  the  foregoing  that  the  diatinotion  is 
difficult  to  draw  between  shoclo-wave  luminosity  and  product 
landnoalty  due  to  colllaion,  both  of  which  may  be  regarded  as 
representing  tha  type  of  Iximinoslty  which  Muraour  deaoribea.  Thia 
part  of  the  secondary  flama  arises  from  physical  causes^  but,  if 
emlsaion  is  due  to  atoms,  their  presence  is  ixidloative  of  chemical 
change*  the  ohcmioal  changes  which  may  be  initiated  dspeind.  oo  the 
nst'^re  of  the  esqi^losiye  and  here  it  is  necessary  to  distinguish, 
between  explosive  oompounds  and  explosive  mixtures*  Most  military 
high  explosives  are  substantially  pure  ohemloals  but  oommeroial 
explosives  are  often  heterogeneous  mixtures  of  different  explosives, 
with  or  without  inert  diluents*  In  this  way,  the  oharacteristios 

of  an  explosive  are  adapted  to  tha  purpose  for  which  It  is  intended* 
Coal  mining  e:q;>losives,  in  particular,  contain  flame- suppressing 
Ingredients  so  that  it  would  be  wrong  to  judge  all  explosives  by  the 
amount  of  flame  produced  by  these  explosives.  ly  the  same  token, 
photographic  teohnlques,  like  flashlight  and  Sohlleren  photography, 
which  are  effeotive  only  with  substantially  flameless  explosives,  are 
open  to  the  aamB  oritloisn.  On  the  other  hand,  military  hi^ 
explosives,  whloh  by  virtue  of  their  high  rates  of  detonation 
exaggerate  the  importanoe  of  ahoolo-i^ve  luminosity,  present  an  equally 
one-sided  ploture  of  high  e;q;)loslve  flame.  To  obtain  a oonprehenaive 
view,  due  regard  should  bo  given  to  both  types  of  explosive,  but  they 
should  be  considered  spearatoly* 

Fig.  3 is  typical  of  the  kind  of  photograph  obtained  with  some 
of  the  British  ooal  miziiiig  explosives  in  present  use,  and  it  la  worth 
noting  that  the  shook-wave  velocity  in  this  case  is  too  low  to  produoe 
luminosity  due  to  ooUislon.  Nevertheless,  the  seoondary  flame  is 
still  in  evidence  aivi  the  origin  of  this  luminosity  must  be  sought  in 
the  explosive  itself.  Besides  nitroglycerine,  these  explosives 
contain  suoh  combinations  as  amnonium  nitrate  and  woodmeal  whloh  reaot 
much  slo'iver  than  nitroglycerine*  It  is  understandable,  therefore, 
that  ax^ne  working  with  this  olaas  of  explosive  should  attribute  the 
aeoondivi'y  luminosity  to  chemical  reactions  initiated  by  the  primary 
detonation  reaction. 
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It  will  ‘b*  apparent  that  the  picture  of  the  detonation  prooeaa 
presented  here  differa  from  that  normally  assiu&ed  for  thedretioal 
purpoeea,  hat:  it  in  felt  that  0x9^  tbaoi^  wt^h  ignores  the  activation 
energy  of  the  reaction^  and.  aa  fail  a to  oognisanoe  of  tbs 
sensitivity  factor,  cam  not  he  aonplete-  She  here  is  on 

the  energy  ahsorhed  in  the  disaooiation.  of  the  exploaive  moleoule  axd, 
indeed,  of  az\y  unstable  oos^lez  m^^joule  ehioh  may  become  entrained 
in  a higli  velocity  8boolo*trave« 

The  author  la  indehtsd  taMaaara^  Bronxi  azd  QaantOB- 
for  supplyir\g  the  photographs  from  which  the  aooonpanying  iUuatratlaas 
wore  seleoted* 
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THK  RdiB^  SAS:  POQKSTa  lit  HJB  PHQEftCHTIOIf  OP  LOV 
VBLOOIII  DETONiTIOK.- 
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Pot  many  yeAra  it  has  boon  known  that  nitrogiyoerins  ax«i 
explosives  based  on  nitroglycerine  detonate  at  either  of  two 
velooitiss.  If  the  explosive  reoeivos  a heavy  shook  from  a prindiw 
ohargti  it  will  detox^te  at  a rate  approaching  the  Hunrtwim  hydro* 
dynasdo  velocity,  but  if  it  reoeives  a weaker  shook  (such  as  the  blov 
from  a detonator)  it  may  detonate  at  a tauoh  slower  rate.  Than, 
nitroglyoerins  may  detonate  at  about  8,000  a.  per  sec. , or  at  about 
1 ,000  to  2,000  m.  per  sec.  High  velooity  detonation  of  liquid 
nitroglyoerins  is  very  oonatant  in  oharaoter.  The  detonation  front 
seeota  to  advanoa  at  a steady  rata  through  the  explosive  and  the 
detonation  velooity  does  not  vary  from  experiment  to  eapdrlmenU 
This  is  not  true  of  low  velocity  detonation  which  does  not  propagate 
with  a very  steady  front,  in  the  pure  Iiqald(l), 


However,  nitroglyoerins  is  not  usually  used  oommexoially  in 
a purs  condition,  but  is  mixed  with  other  materials  i^oh  remove  its 
obvious  fluid  properties*  The  simplest  admixture,  and  the  one  vfaiob 
leads  to  the  least  change  in  thormoohemloal  properties,  la  the 
addition  of  small  quantities  of  nltrooellulose,  H.C.  Qlaphaa  1950 
shoved  that  this  addition  had  a profound  effect  on  the  ease  with  which 
low  velooity  detonation  would  propagate.  He  showed  that  if  nitro- 
ootton  was  allowed  to  gel  in  nitroglyoerins  without  atlrriag,  the 
resultant  mixture  would  detonate  a*,  high  velooity  if  adequately  primed, 
but  either  failed  to  detonate  or  gave  rise  to  a very  low  velooity 
propagation  if  an  attempt  wee  made  to  set  up  normal  low  velooity 
detonation.  When  one  ^f  these  gels  was  aerated  by  stirring,  the 
propagation  of  lew  velooity  detonation  in  liquid  nltroglywias  again 
became  possible.  In  fact,  low  velocity  detonation  in  liquid  nitro- 
glycerine ia  much  less  steady  than  low  velooity  detonation  in  an 
aerated  gel(l).  Thus,  the  aeration  of  an  explosive  gelatine  was  ia 
some  way  related  to  the  ease  with  whioh  low  velooity  detonation  would 
propagate  in  it# 


The  phenomenon  of  dual  velocity  of  detonation  has  been 
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obaarvttd^  not  oaljr  iir  other  liquid  •acpIoaiVa8(2) » but  aleo  in  granular 
solid  exploairaai  Inalttding^  sad  t4tr7l(5A«  aohieve  a at^adjr 

low  raloolt/  detonation  in  aolid  exploslwoa  two  raq^aironenta  had  to  b« 
laat*^  FtratXy^  the  grain  alaa  at  the  aacpleai^  had  W bo  ModTotoly 
aosTsa,  axad  saoondlj.  the  oartridge  denaity  had  to  be  fairly  low, 

(about  1 g.  per  o.o.).  In  other  v?orda,  the  explosive  had  to  oontada 
gaa  pookata* 

Bowden,  Suloahy,  Tines  and  Toffe(4)»  showed  that  the  Tnrluaton> 
of  aaiftll  buU>le»  of  air'  izr  nttroglycerlnr  and  in  other  liquid 
exploeivea  increased  their  sensitivities  to  initiation  by  impact. 

Ihe  reason  for  the  high  senaitivity  of  the  aerated  liquid  was  traced  to 
the  high  teaqperatiu'ea  which  were  attained  in  the  gaa  pockets  when  they 
were  suddenly  ooB^reaaed.  Yoffe(3)  replaced  the  air  by  other  gases 
and  vapours  and  also  by  gases  at  higher  pressure.  Ha  showed  that  as 
the  ratio  of  tha  spaoiflo  heats  of  the  gases  inoreased,  the 
sanaitlvi^  of.  tha  oxploalve  appeared  to  increaso.  but  that  as  the 
pressure  of  gaa  inoreased  the  aenaltivity  decreased.  This  second 
effeot  was  observed  in  aolid  explosives  as  well  aa  liquids. 

Ratnar(6),  calculated  the  temperature  to  which  the  shook  wave 
aoooopaivying  ^tonation  would  raiaa  liquids  like  nitroglyoerinei  etc. , 
and  Qomluded  that  if  high  velooity  detonation  ooourred,  the 
temperatures  would  be  about  3 #000^.  Hb^Yever,  in  low  velooity 
detonation,  the  temperature  rise  of  a liquid  or  solid  due  to 
ooopreaslon  in  the  ahook  front  would  ba  inslgnif leant.  .Bowden  and 
Gurton(7),  pointed  out  that  if  gaa  bubbles  were  present  tha 
temperatures  produced  in  the  bubblts  would  be  very  high,  sad  the  hot 
spots  at  tha  bubbles  would  beoome  new  explosion  centres.  Consequently, 
low  velooity  detonation  in  an  aerated  axplosive  was  probably  main* 
tained  by  these  hotspots. 

Evldenoa  in  support  of  this  has  been  obtained  with  small  aoale 
experiments  by  Bowden  & Williama(8). 

In  this  paper  direct  oxpariwentnl  evidence  will  be  brought 
forward  to  iniioate  that  these  views  are  substantially  oorreot  for 
large  ohai'gea,  at  least  in  the  low  velooity  detonation  of  solids, 
but  that  aone  other  Dsohanlsni  is  probably  operative  in  the  low 
velooity  detonation  of  nitroglyoerine. 

The  methods  employed  were  similar  in  principal  to  those  used 
on  a smaller  scale  by  Ioffe  (3),  and  Dowden  and  )7illlaias(8) , but  slxvsa 
larger  quantities  'of  explosives  were  being  detonated,  the  apparatus 
used  was  of  a different  forts. 


! vhecft  &nd.  T.  ara  tLa  aad.  <*•*»«'*  tengaratureA^  p . «ztl  iba 

( initial^nd  fi&Ll  pressures,  anS  y ^ ratio  oT  the  speoino  Mate 

^ of  the  gas  at  constant  pressure,  and  constant  voluae;  If  one  tpsre  to 

replace  the  gas  h/  one  of  lower  f value,  provided  the  Initial 
temperature  and  the  oospression  ratio  were  constant,  the  final 
tenperature  would  be  deoreased.  The  effect  of  this  change  on  the 
Initiation  of  esploaiwes  has  been  fully  discussed  hy  Bowden  d Ybffe(9)a 

' Eaqperiments  were  oarried  out  with  three  solid  explosives, 

namaly,  granulatsd  tetryl,  flake  T.N.T.,  and  nitroguanidJne.  Tha 
nltroguanldlne  waa  o.btalned  in  the  form  of  fine  oxyatals,  and  had  a 
very  low  natural  bulk  density.  The  tetryl  and  the  T.N.T.  were  paoked 
loosely  In  thin  paper  or  oelluloid  wrappers  to  form  oylinders  In 
disneter  and  5"  long.  The  packing  density  aliaed  at  was  0,9  g.  per 

0,0,  for  tetryl  and  0,8  g.  per  o.o.  for  T.N.T*  Nltrogurnidine  was 
paoked  in  inoreioents  into  cylindrioal  paper  or  oelluloid  wrappers 
in  dliaeter,  axd  was  oospresaed  to  a bulk  density  of  0*9  g, 
per  0.0* 

f The  paper  or  oelluloid  wrappers  were  thoroughly  perforated 

I the  cartridges  inserted  in  wide  bore  glass  tubes*  Ths  assemblies 

were  primed  with  detonators  and  evaooated.  Since  the  wrappers  were 
perforated,  the  gas  between  the  grains  of  explosive  was  removed* 

Btber  vapour  or  pentane  were  then  introdi'ced  until  the  saturation 
vapour  pressure  was  reaohed.  The  velooities  of  detonation  were  then 
[ measured  photographloally  (Sae  £.  JoMs(lO})f  and  oosspared  with  ths 

r detonation  velooities  measured  in  air*  In  ooss  oases  the  detonation 

vdloolties  of  the  explosives  were  zceasured  by  the  Dautriohe  mathM 
using  the  S7  tem  idiioh  will  be  described  in  the  next  section*  Tha 
results  whioh  have  been  arranged  In  Table  1 gave  little  indication 
that  replaolng  air  by  ether  or  pentane  vapour  has  any  effect  on  the 
detonation  velooities*  In  ths  oourse  of  this  rork  several  failures 
were  obtained  when  pentane  vapour  had  been  introduced  into  T*N*T* 
cartridges,  but  in  those  oartridges  which  did  detonate  the  velooity  of 
detonation  waa  never  much  loss  than  the  velooity  of  detonation  in  a 
alatlar  oartridge  of  T.N.T*  interspersed  with  air* 
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Sinoe  a ohanae  of  gaa  from  air  to  a Tapour  of  (liloa 

ether  and  pentane)  at  a lov  preeeure  did  not  e^edt  any  marked  ohanf 


lov  preeeure  did  not  e^edt  any  marked  ohange 


la  the  propertlea  of  the  detonating  exploalTee,  e^qperlxoente  irere 
oartled  ont  with  methane  (y  ■ 1*311  high  preseure*  looordlnd  to 
Ci^tion  1 an  Inoreaae  in  the  initial  gaa  preaBure  vould  reduce  the 
ociir.  xeseioxi  ratio  and,  therefore,  reduce  the  rrMTcimm  tea^erature  to 
yAazh  the  gae  would  be  raieed,  provided  that  the  imxliain  preasure  wae 
not  inoreaeed*  In  foot,  the  final  presaure  in  detonation  la  increaaed 
by  an  inoreaae  in  the  initial  presuvore,  but  it  was  found  that  for  the 
Ixdtial  presaure  rax^ge  used  in  these  experiments,  the  ohange  in  the 
detonation  pressure  was  insignificant. 

Experimental  Method 


The  experiments  were  carried  out  in  a gas  tight  vessol  of  15 
litres  oapaolt>.  The  vessel  had  very  thick  walls  and  was  built  to 
stand  pressure  up  to  several  thousands  of  atmospheres*  Cyllndrioal 
oartridges  of  explosives  were  prepared  in  waxed  paper  wrappers  which 
were  thoroughly  perforated*  Figure  1 shows  how  the  cartridge  was  aet 
up  so  that  its  velocity  of  detonation  oould  be  measured  by  the 
Dautrlche  method.  In  order  to  avoid  damage  to  tho  vessel  the  length 
of  detonating  fuse  employed  was  out  to  a ml n1  miira  whloh  was  usually 
25  offl*  Plastio  covered  Cordtex  fuse  with  a core  of  FEIN  was  used« 


•t  ■ ■ -:  ■ ■ 

. .V  . 

Thi«  had  tk-  w toaati^^  r«lA«it7  ^ ^r^OO  lb  fr?  bm^  tkB  jr«0» 
oappad  \rLth  M0*6  fu3|aiBat«  dttctaalCTtf*  A ar^ll  Btsiy.  Bf  ^ ** 

^orcmed  to  s cumd  jletA  C»  Bw  ovtsidgt  of  oat^looi«o»  Btr 

was  atrvT;p9d  to  thi'jst  etrl^  ot  wood.  Anothir  -tIooo  of 
a i"  diA>5ater  bole  ^drilled  la  it  3 ftai  IL'O  odoo^  iImco  • 
diaziatex'  groove  of  |3ei&ioiroul«x'  oroM  ooofdca  hhA  IMW  ooA  9^'^  ti& 
to  the  tiolt.  ThSi.t  pieoe  of  w^od  w:a  otcopf^ad  too  OMrtgdAjo  * 
Its  support.  Sis  / detonators  oapying  tiui  f %a>  sorr  tarjooOoA  iB  tfeO 
taa  boli^  oas.i».j|fcO»  wooden  bleA.^  3,  ttad  •?fao  r^Kar  to  tfco  fcdfco 
fomed  by  the  adjf^snt  grbonj  lu  t\o  vocdsn  >>l(»jtie9  ooA  tfeo  looA 
plate,  0.  The  lAad  plate  was  bsat  so  that  ti^  fti^  rsotoA  is  tiM 
grooTS.  tiie  plate  was  sarked  at  tJvi  po^iltiro  shore  the  rilrt 
of  the  fuse  revt'ad  against  it.  A dfitonator  sms  laoortod  is  WS 
cartridge,  and  ^^tihe  whole  assecobly  was  losrsr'jd  into  tho  jao  tl#« 
vessel.  The  C'  ce^lete  aasenibly  is  itovrn  iu  Viguro  2*  ttalo  ^ 

vaa  olossd  an?/ evacuated.  Gas  «3«a  tbsn  inJaotoA  «Btil  ih0  roqjudroA 

preasur.s  was  .reaohed,  and  the  ddtcnaior  fired  eleotrle«lly*  IB 
these  ezpor5^ntu  the  gas  used  was  matyians  so  that  the  ooribisiA 
effect  of  high' initial  presrira  sould  be  exerted* 

SLaoe  th;/  cartridge  wrappers  vere  thoroughly  perforated^  the  isjeeted 
gas  able  to  onKier  the  apaoea  between  the  gndaa  of  ezyloeloo  is 
the^^o^rj.dge  without  ooaopresalng  the  whole  charge.  The  leedlng 
d;/n^ty  of  the  oiqiloairs  was,  tbaroforo,  unaltered,  except  for  the 
/djislgziifiaent  increase  in  the  oase  of  t^  gas  pooksts*  When  the 
/ detonator  wae  fired,  detonatior.  wee  set  op  in  the  oaartrldge  end  e 
/ wave  of  escploeion  travelled  down  to  the  first  detonator  copping  the 
detonating  fuse.  A new  detonation  wave  wee  then  is5.tlatod  is  the 
first  arm  of  the  fuse,  while  the  original  wave  oontizued  to  the 
seoond  detonator  where  anvther  detonation  wave  wae  initiated  is  the 
second  era  of  the  fuse.  By  this  tisa  the  wave  in  the  first  era  had 
travelled  a dietanoe  2/  m dt  where  d la  the  detonation  veXooity  of 
the  fuse  and  t the  Hjhj  taken  for  the  detonation  wave  in  the 
oartridge  to  travel  Z 'ou  (the  diatanoe  between  the  detonators). 

This  interval  is,  course,  3/D  where  D is  the  detonation  velooity 
of  the  cartridge.  fha  two  waves  in  the  fuse  would  meet  at  the  add- 
point  of  the  I'usc  if  both  eras  bad  been  set  off  instantaneously,  but 
ainoe  the  first  are  had  a lead  2d  over  the  second  am  they  net  at  e 
distazice  ^ fror^  tlw  mid-point  and  aiads  a mark  on  the  lead  plate. 

But  D « 

A measurevent  of  4 therefore  gave  a measure  of  the  unknown  detonation 
velooity  i). 

Brperi'uent  with  Grained  Tetryl 

Grained  tetryl  was  loosely  packed  into  cartridge  wrappers 
ij",  axid  15/13"  diameter  at  a loading  density  of  0.9  g./o.c.  and  each 
OAi  tridge  8 it  up  as  shown  in  yigurea  1 and  2.  Ths  vessel  was 
evacuated  ’ sd  then  filled  with  gas.  The  pressure  was  measured  by 
a Bourdon  gauge,  and  then  the  oartridge  was  set  off  by  a No* 6 A.S.A.T. 
copper  devonator. 


J 
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Gortoa 


It  was  fovmd  that-  a«  ths  gas  presmirs  Inoraasad,  tha  detonation 
awlooity  'beosaa  prograaslTaIy~  alowert.  and  ahova  a threshold  pressure 
the  explosion  did  not  propagate.  Some  typioal  result*  are  given  in 
Table  2.  Some  results  obtained  by  the  high  speed  camera  method 
described  In  part  1 are  izcluded  to  show  that  the  Dautriohe  method  was 
not  highly  inaoourat** 
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nrreot  or  nresaxxro  on  vno  veiooiTi.y  usbuimbj.ua  ui  kth 

tetrvl  density  0.9  g,/o.c^  set  o^i’  by  a Ho.6  A.S.A. 
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* Determined  by  high  speed  oamera  method. 

In  all  these  experiaeate  the  distance  from  the  initiating 
detonator  to  the  first  pick-up  detonator,  the  "run-up**,  was  kept 
constant  at  6 cm.  and  it  might  be  argued  that  the  average  velocity 
between  the  pick-ups  appeared  to  fall  as  the  preasure  increased 
because  tha  acceleration  to  maxinum  velocity  was  being  slowed,  A 
few  expezdi&ents  wore,  therefore,  carried  out  In  which  the  "run-up**  was 
varied,  For  these  oxporiocate  eraao  I**  diameter  cartridges  vrero  used* 
In  Table  3 results  obtained  at  one  atmosphere  in  air  are  compared  with 
those  obtained  at  1^*3  atmospheres  in  methane. 


Thastt  r«aialtt  aho«i4  m daflnlta  toadsaoy  for  aooeXoratioa  of 
the  detomtiOB  were  to  * etee4j  relooi^  of  ehout  2|l»00  at 

1 ataoephere  preaeiire  of  air,  hut  aa  apparent  deoeleration  of  the 
welooity  to  about  1«50O  ac/a^  if  the  infceggraBMlar  apeoaa  war* 
fUlad  with,  oathaae  at  14*  3 ataoa^^teresik  w«i»  aaggaeta  that  hl^ 
preaaure  reduoed  the  final  ateadjr  relooitj  of  detoaatioau 


In  all  theae  ezperiaeata  only  relooltlea  between  900  and  2,500 
a*/aod.  were  reoorded,  but  if  the  exploalwe  wea  auffloiently  prin^  it 
would  detonate  at  a neoh  higher  relooity*  Suff ioient  prinixe  waa 

obtained  ahen  2 g.  of  fine  PSTN  waa  put  on  top  of  cartridge  of 
tetxyl,  and  waa  aot  ofT  hj  a jfo«6  A«S*A«I«  oopper  detonator.  When 
7/16”  diaaeter  otrtridgea  were  aet  off  hy  thla  neana  the  foUowixg; 
walooity  reoorda  were  obtainedi*  . 


At  one  ataoaphere  preaaure  in  air,  wa  vg  6 oati  Kf 550  a./aeo« 

* ” in  aethane,  mn  19  d os.  4,520  B./aea« 

At  64*1  • " ■ ■ » • 25  OB.  4#550  • 


Obeioualy  the  high  velocity  detonation  of  thla  eiqploaiTe  waa 
unaffeoted  by  a change  in  the  preaeture  of  the  gaa  in  the  intergranular 
apaoea  \q)  to  67*7  ataoapherea. 


The  low  veloolty  regiae  of  a batch  of  flake  T.N.T.  waa  atudied 
in  experimenta  eaaentially  similar  to  those  carried  out  wi.th  grained 
tetxyl.  Only  two  cartridge  diameters  were  inveatigated,  i*  and 
15/16”  and  the  results  have  been  set  out  in  Table  4. 
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Tha  Talooltlaa  raoovdad  ia  thaaa  axpariaeata  vara  aot  m 
ragoXar'aa  ttoaa  raoordad  ia  tba  azparlaaata  alth  gralaad  tatxyl»  but 
tha  ooatianal  propagatloa  of  lov  valooitgr  datoaatioa  waa  prattwiad  If 
tba  gaa  praafort  bataaaa  tba  graiaa  of  axploaita  aaa  abora  a oritieal 

aalaa. 


Zt  aaa  fouad  that  hZig^  Taloollgr  datoaatioa  ooold  ba  ialtlatad 
in  diaootar  oartrldgea  of  thia  flaka  if  a prlaar  of  3 g»  of 

poadarad  FBOT  aaa  placed  oa  top  of  tba  oharga.  tba  pociaar  was  than 
aat  off  bj  a No.6  A.0.A.T.  alaotrio  datoaator.  Bigb  aolooitj 
datoaatioa  waa  obaarvad  whan  praaauraa  of  oaa  ataoaphara  of  air  or 
67«7  atBoapharaa  of  lathaao  ware  applied  ia  tha  gaa  apaoaa,  aad  a» 
dxop  la  datoaatioa  valooity  ocoarred* 


Vary  fiae  aitroguaaidiaa  waa  ataooad  ia  iaoranaata  iato  paper 
ahalla  to  form  oartridgoa  of  hulk  denaity  0*5  g*  par  o»o«  Tha 
wrappara  ware  perforated  and  tha  oartri^ea  set  up  ia  tha  arrange* 
amat  ahowa  la  Flgurea  1 and  2*  The  e^losiya  waa  q^uite  porous  ia 
spite  of  the  stensningf  and  gaaea  at  low  pressure  oould  ba  swept 
through  tha  oartridges  with  ease*  The  e^qperiaeatal  prooadure 
followed  waa  essentially  similar  to  that  osplcyad  ia  tha  ezperineata 
with  tetryl  azid  T.N.T*  desorlbed  abowa.  ZUa  wessal  was  eraouated 
sxsl  tha  gas  injeoted  to  tha  required  pressxxre.  The  oharga  was  firad^ 
and  the  lead  plate  recovered.  The  detonation  velocity  waa  than 
oaloulated  fron  a aeasureasnt  of  the  dlstanoe  between  the  sero  mark  oa 
the  plate  and  the  aark  due  to  the  ooUision  of  the  two  approaohiag 
waves  in  the  fuse.  Typl«3al  results  have  been  set  out  in  Table  3. 
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f .OttUnuM  I9  hi^  apattd  oaaM  Mthod^ 


0dm  agaia  tluM  a %aa&aaa(f  for  tba  datcoatlda  Mlooitgr  to  ' 
as  tba  praaaura  iBogroaM^.,  aad  If  thd  pr^uro  aaoMdad  atout  . 

11  to  15  ataoaphairta  tha  ‘proyagatloft  dlA  aot  ootttiDiiOfc  : • 

;•  T .iv: • •.  ■.  . 

Zn  tha  aaq^orlpaata  aith  ooaiw  Wtv^  paeiadag 

oanaad  a aarkad  inoraaaa  la  tha  valooitjr  o^:dataaatiAO»;<'/fha«o  «era  . 
t«o  distinot  Talonitiaa  at  ahioh  datonatioa'ooDaid  ■ptDp^id^>  /.• 
BB«fTar«  fiaa  sitrdgaaaidiaa  datomtad  at  it#  aiadaOa  taXoolt^  abaa  / ; 
aat  0^  hj  a aaak  datoaatori  aad  ao  aaoust  priatsg^ttBDld  aataULlab 
a ataadf  paopagatioa  at  a hlghar  rata*  Zt  sdi^tt  ^ af^^  tha 
affaet  of  praaaura  oa  tha  raaulta  abtaliad  alth 
aaraljr  to  raduoa  tha  affaotlroasaa  of  tha  datoMti^  fCf  if ' 
pxlsdDg  «aa  aa[AaQrad  (and  high  TOlooitjr  aatablilrfiad//  pMpOttyaa  of 
aathaao  \xp  to  67*7  ataoapharaa  had  ao  affaot*  ' Blpocriaasta  «era« 
therafora*  oarried  out  aith  oartridgaa  of  aitrogaaaidiaa  ;7/lS*- 
diaaater  priaed  with  2 g*  of  fiaa  FSTK  powdar*  TaKLa.d  ahawm  tha 
raaulta.  Thagr  ahoved  that  tbara  was  a oarkad  affaot  duo  to 
iasroasii^  the  gaa  praasura.  aad  tha  eoatiuuad  propagation  of 
datonatioa  waa  avwatuallj  atoppad* 
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Furthar  proof  that  the  propagation  of  eaqploaion  rather  tfaaa 
tlM  Initiation  prooeaa  vaa  heing  modified  hy  the  inoreaao  in  proMurt 
van  proYidad.  hy  aooM  axperiaenta  in  vhioh  the  lei^h  of  "raa^" 
between  the  initiating  detonator  and  the  first  pidk-^p  wee  imaged* 
7/ld”  diaaeter  oartridgea  of  various  lengths  were  set  in  the 
system  ahoen  in  Figures  1 and  2*  A series  of  velooitj  detemdastioas 
over  the  last  three  oentissitres  of  oartridgea  of  increasing  length 
provided  a pioture  of  the  iny  in  which  the  veloolty  of  detonation 
iaoreased  along  the  length  of  a single  oartridge*  Exparioenta  were 
performed  with  the  gas  spaoea  filled  with  air  at  one  staosphers^ 
methane  at  7*7  atmoaphereSf  and  methane  at  17*7  atmospheres,  end  ths 
resmta  are  set  out  in  Table  7*  The  oartrldges  flr^  at  17«7 
atmospheres  pressure  were  ipilsmd  with  2 g»  of  FZXB  and  a Kb«d  Brisks 

^**“**^*  ' T.tl.7 

Yeloolty  of  detonation  of  nltooguanldlne  density  0,f  g-,/ 
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These  results  ray  be  translated  into  the  diataxice  tisoe  cxxrvea 
shown  in  Figure  5* 
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Zf  ouetlir  Mia.  thftt  tht  datoaktion  av  Dsaund:  ^ tha. 

litMt-  rapiijQx  to  ^ steady  ralua-  iihaxt  the;  oax^trldgMr 

vtaf  fira4  fab-ate^  a»  atoaaphara.  Zf  tb»  oartridg»»  wer«- fired  | 
1»  7«7  ataBOap&ira»  a#  Methane-  tta-  atne  thiaif  happened,  hnt-  the-  etaadjr 
value  reaohed  waa  aomevhat  lower*  When  the  oax^rldgea  were  fired  j 

with  a pressure  of  17*7  atnoepheree  of  nethane  in  the  intertfanular  ] 

^paeea,  the  vslooity  fell  rapidly  and  with  oartridges  over  6 ea.  in 
length  oonplete  eonsvusption  of  eatiiloaive  did.  not  oooura  . 

Btpertnents  with  CtOuid  Wtroglyperine 

! 

The  experlasnte  sdth  tetr;!,  T.N*T. , and  nitroguanfidine  showed  | 
that  low  veloolty  detonation  oould  he  prevented  hy  inoreaeing  the  I 

inolxided  gae  preaeurot  High  valooitgr  detonation  of  tetryl  and 
T«N«T«  waa  unaffeoted  hj  e preesure  of  67*7  ataospheres*  Sinoe 
liq^d  sLtroglyaOrine  was  known  to  detonate  at  two  dieorote 
vsiooitloa  it  waa  of  interoat  to  study  the  effect  of  presauro  on  the 
propegaticn  of  e^qploeion  in  this  eubstaaee* 

RLtroglyoerine  wae  poured  into  thin  walled  ahelle  ande  of 
oellophane*  Zt  tme  found  that  low  velooity  detaeation  would  nbft 
propagate  in  ohergee  of  V diaaster  or  leae,  and  so  for  all 
experinenta  the  loweet  praotioable  disoeter  7/16*  waa  ueod*  The 
oartridges  were  sot  \xp  in  the  sane  way  as  those  of  T.I<»T*  tetryl  end 
nitroguenidine  (as  shown  in  Tlgures  1 and  2)  but  the  oartridge 
wrapper  waa  not,  of  oourse,  perforated* 

Zt  hae  already  been  mentioned  that  low  velooity  detonation  in 
liqjoid  nitroglycerine  is  an  ixregular  propagation  differl^  markodly 
troa  the  etea^y  low  velooity  detonations  observed  In  aerated 
gelatines  or  eoaras  powders*  Zt  is  not  surprising^  therefore,  that 
the  low  velooltles  recorded  at  atsoapherle  presstve  varied  froa  14IO 
to  950  B*  per  aeo*  Velooitiee  below  about  900  nw  per  sao*  ’ werr 
often  not  recorded  by  the  Dautriohe  method  boosuss  the  fulminate 
detonators  capping  the  fuao  were  not  sensitive  enough  to  bo  aet  off 
by  such  weak  ezploaion  waves*  I 

Zn  the  first  series  of  es^eriments  the  initiator  used  was  a 
Ko*1  fulminate  detonator,  the  weakest  detonator  available*  When 
the  pressure  wae  inoressed  to  11*3  atmospheres  no  velooity  readings 
were  obtained,  although  the  fuse  detonated,  azii  the  lead  was  dented 
by  the  explosion  when  it  reaohed  the  end  of  the  oartridge*  Zt  is 
probable  that  only  one  of  the  detonators  capping  the  fuse  was  set 
off  by  the  explosion,  oon88(]uently  there  was  no  mark  due  to  the 
meeting  of  two  waves*  At  hl^^er  pressures  the  complete  fuse  with 
detonators  was  often  reoovered,  but  even  when  the  pressure  was  71 
atmospheres  the  explosion  of  the  liquid  was  oocplete,  for  its  ' 

"brlskince*  caused  a dent  to  bo  punohed  in  the  load  plaxe*  This  dsnt 

did  not  appear  to  grow  smaller  as  the  pressure  inor eased*  The  i 

experiments  were  repeated  with  a heavier  initiator,  a No.  4.  fulminate  ! 
detone  :r*  Oooaaionally  this  initiated  high  velooity  propagation*  j 

i 

I 
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mm  pr*Mwup»  laorenad^  the-  irtoidenoe  of  roiootUg 
detonation  beoeve  leee-  flpe^pzant:  and  ther*  «aa-a  definite  tendeney  fer 
tbo  low  velocity  reeegda  to  be  redoeed  in  value,  although  n»  ooapXete 
tmllon  wee  obeerved*  The.  seanLtft  have  be8»  vet  out  in  TeUe  8(1. 

Table  S 

Veloelty  of  detonation  of  liquid  nitroalvoerlae 
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If  the  propagation  depended  on  the  preaenoe  of  anell  bUbblea  one 
might  esqpeot  thia  reault.  A number  of  attesopte  were  made  to  resaove 
all  gaa  bubblee  from  the  ll<|aid  before  firing  by  leaving  the 
oartridgea  aevertl  hours  before  firing  them,  and  by  storing  the  ‘ 
cartridges  under  vacuum,  but  low  velocity  propaga^on  was  atm 
possible*  Finally,  small  (qgiantities  of  nitrog^erins  were  outgaased 
under  a vacuum  of  10~2  am*  ^ aerourjr,  axid  then  poured  into  the 
cartridge  ahella*  The  oartridgee  were  returned  to  the  vacuum 
chamber  whioh  was  opened  just  before  the  oartridge  was  inserted  in  the 
assembly  shown  in  Figure  1«  A oartridge  so  assembled  was  set  off  by 
a No»1  detonator  at  one  atmosphere  air  pressure  and  detonated  at 
high  velooity.  Xt  gave  a reading  of  6670  sw  per  seo*  Two  other 
oartridgea  were  removed  in  turn  from  vao<ium  ohambers,  and  rapidly 
arranged  in  the  Dautrlohe  asaonbly  (Figure  1)  inserted  in  the  preeaure 
vessel  (Figure  2}  and  rapidly  ralaed  to  a high  pressuie*  It  was  very 
unlikely  that  axy  air  bubble  oould  remain  in  the  liquid  after  outgaea- 
ing,  but  if  az^  invisible  one  was  left  it  wee  ooB^reeeed  by  the  applied 
preeaure  to  an  inaignlfloent  volume.  Freesvires  of  l«.7*7  atmoapherea 
and  6if.3  atmoapherea  were  used  and  the  initiator  was  a Ko.1  detonator* 
In  both  oaees  oosplete  low  wlooity  propagation  ooourred*  No 
explosive  was  left,  a diatizut  dent  was  made  in  the  lead  plate,  and 
the  fuse  detonated*  Although  no  velocity  records  tnre  obtained,  it 
was  clear  that  low  volooity  detonation  had  propagated  in  liquid  nitro* 
glycerine  when  gaa  bubbles  were  ocDplotely  exolu^d* 
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thftar.  ttpwlmiiUl  reaults^  a strifcUig  alMlarltgr  batvMft 

ttia  initiatton  of  ta^gloaian  Ig  iha  iagaot  of  a hard  body.*  aai  iter  ! 
propafa^ioa  of  aaqploaioa  i^paot^  ot  a low  valooitgr  datoaatiott 

wm»  2b  ordar  to  iaitlate  axploaioo  tqr  iaf^t  It  io  apparantl/ 
noooBMXj  to  hawi  within  tho  as^loalwa  aoMathiBg  whloh  provido 
a load.  taaparatura  or  hot  apot*  Tha  aoa4  affaotiwa  hot  spot 

■ouroa  la  a aaall  bobble  of  gaa«  IXiriag  Inpaot  thia  hubbla  ia 
rmtSStr  ooivrwasoft^  and  rwadww  a hi|^  tattparatwra^  ttia  **p^**^*n 
ia  than  iaitiatad  at  tha  hot  apot*  If  no  hubblaa  aro  preaoBt  it  ia 
mj  dl.f ioOlt  to  atari  an  axploaipa. 


Low  Valooitr  Detonation  In  Solid 


Za  order  to  aaiotain  low  valooi^  detonation  in  aoUd  axploelvaB 
lika  faXif*  or  tetrylf  or  in  gelatine^  mjLgfany 
gljroioriae  it  ia  again  of  great  adwantaga,  if  not  aaaantial^  ' that  gaa 
pookata  ahoold  bo  praaent.  Zn  the  experiaenta  with  tatr7l9  S»X»T«f 
and  nltrogaanidtaa  aubjaoted  to  InoreaBing  gaa  proaaura,  it  mm  olMt 
that  as  ttas  gaa  praaaura  inoraaaed,  the  aaaa  of  propagation  of  las 
ordar  detonation  wan  raduoad*  and  above  a tfaroahold  praaaurOt  wldsk 
varied  with  the  a^Ioaiva  and  with  tha  oartrldgo  diaMter,  oaaaad  to 
maintain  a ataadj  rata* 


Thia  affect  oannot  bo  oxplained  hj  hsrdrodynasdo  oonaidorationo 
of  tho  oxploaivo  aa  a hooogenooua  body,  for  tto  proeaoroo  uaed  in 
thoao  oxporiauita  were  inaignifioant  in  oonpariaon  with  tha  datonatioa 
praaauraa*  fa  luat,  tharofore,  look  at  tha  meohaaiam  of  detonation 
for  an  explanation*  Detonation  wavaa  which  all  triavtl  at  mveraonio  ‘ 
valooitias  art  really  ahook  wavaa  maintained  by  ohaodoal  raaotlona* 

The  Arant  of  tho  aho^  wava  ou  :aeeting  a now  leyar  of  axploaiva 
oomproaaaa  it  vary  sapidly  and  therei^tar  tha  ohesdoal  raaotlon  bag;^ 
in  that  layar*  BridgaBan(ll},  baa  ahown  that  atatlo  praaauraa  of 
tha  aama  order  aa  datonatimi  praaauraa  do  not  initiate  e^qploaion  in 
aolld  axploaivaa,  and  it  aaaaa  raaaonabla  to  attribute  Initiation  to 
tha  auddansapB  of  the  praaaura  riaa*  Suoh  ooapraaaiona  bring  about 
a rapid  inoraaaa  in  tanparatura  and  ainoo  the  ahook  wave  alao  bringa 
about  a obanga  in  tha  klnatio  energy  of  tha  material,  tha  tanparatura 
attained  ia  even  higher  than  the  temperature  in  adiabatio  oonpraasion 
over  the  same  pressure  range.  Doing  the  higl'i  velod^  detonation 
of  nitrogloroarina  tha  oonpraaeion  of  the  liq^uid  phase  mey  bring  about 
teiq^arature  riaaa  of  3*000®0.(6),  but  in  low  velooity  detonations  tha 
preeaxire  ohangae  oannot  be  great  onough  to  raise  the  temperature  of  a 
liquid  or  solid  phase  more  than  a few  tens  of  degress.  The  muoh 
more  oonpreseible  gaa  pockets  would,  however,  be  raised  to  very  hi|^ 
temperatures*  Hot  spots  would  be  formed  at  the  gae  bubbles  and 
these  would  initiate  explosion  in  their  vioinity  innediately  s shook 
wave  enoountaral  tbeab  Thus  a low  velooity  detonation  in  a granular 
aolid  would  appear  to  be  a ahook  wave  supported  by  a chondoal  reaction 
which  la  initiated  the  gas  bubbles  enoountex*ed  by  the  stiook  wave. 


8i9P0Vt  hM  £ar  aiudyrof 

— ittaA  in  eagploalrt— I . 

X oonaiderabXe  anount  of  st«^  ftas  'baon  g^van  io-tbo  orig^ 
oT  luaiaMitj  Mar  detonating  esqploslvaa  Hand  BuraoMr(lZ)  haa^ 
ahom  that.  th«  aajority  of  the  light  oomes  from  tho*aurrounidUjag  gaa 
«hloh  ia  raiaa4  to  a ‘vary  high  taq^ature  by  the  oon^resaion  it 
aoffara  in-tte  yaaaaga  af  ^ ahoak  aava  (Michael  Levy  and  l&iraoiirilj)) 
ahoead  that  if  graiaa  of  lead  aaida  eare  aeparated  ty  5 bbu  gapat  air 
eaploaicir  aoidd  pgapagat»  firear  grain  ^ grals.  Is  alrv  hot  if  tha-  a±r: 
was  replaced  by  carbon  dioxide  at  22  ataospherea  preaauroi  the 
luBdnoaity  vaa  reduoed,  and  pr^^ation  of  the  eiqploalon  vaa 
iaaoeplete.  FBteraon(l4.)  haa  obtained  evidence  that  luainosity 
any  be  prodxioed  wit!  . in  a granular  material  by  the  paaaaga  of  a ahook 
wavOf  and  eiaoe  thia  may  be  brighter  than  the  luodnoelty  of  an 
exploalon  aupported  by  a ebook  wave  of  greater  intenei'tyf  it  ia 
reaaoaable  to  evypoae  that  the  luadnoaity  oonaa  froa  the  eoapreeeieaal 
heating  of  the  amen  gaa  pookata*  Thia  may  be  regarded  ae  evidenoa . 
that  the  gaa  pooketa  within  a graaudar  ex^oaive  do  become  very  Ix>t 
ehea  a detonation  wave  paaaea  over  them,  and  we  would  expect  that 
theaa  hot  spot#  would  act  aa  oaatraa  of  axplpaion.  Now  if  tha 
initial  preaaura  of  the  gaa  in  the  pooketa  vara  Inoreaaed^  tha 
ooopreaalon  ratio  in  the  detonation  wave  would  be  reduoedi  end  ao  the 
naxlpim  tenperattsw  in  the  gaa  pooketa  would  be  reduoed.  Sventually» 
if  the  ooapreaaion  ratio  were  auffioiently  reduced  the  hot  apot 
taaperaturaa  would  not  be  high  enough  to  initiate  looal  exploalona* 
Thereafter  the  detonation  would  not  propagate*  On  tiiia  view  of  the 
neohanian  of  initiation  of  explosion  in  the  wave  front  wo  would  expeot 
that  there  would  be  a threahcdd  preaaura  in  the  gaa  pooketa  abo'va 
wbiob  low  velooity  detonation  would  no  longer  be  posable*  The 
experlmenta  with  tetrylf  t*K*S*  and  nitrogAanidi&e  oonfiro  that  there 
ie  auoh  a threahold  preeeuM* 

XT  air  vaa  replaced  by  other  gaeea  of  lower  y value  at  low 
preaaurea  there  waa  ao  aubataatial  drop  in  tha  velooity  of  detonation 
of  the  granular  aollda*  At  firat  eight  a drop  in  velooi^,  or 
ooopleta  failure  in  the  propagation  sight  have  been  aiqpeotad,  but 
aevaral  faotora  have  to  be  remeabered*  Tirstly,  tha  gaaea  of  lower 
Y value  oannot  be  ooneidered  to  behave  aa  ideal  gaaea  during  auoh 
large  ocnpresaionaf  and  the  teiperatures  produced  by  adiabatlo 
ooapreaai^  would  be  higher  thin  those  predicted  by  tha  Idaal 
e^tion(l)*  Secondly,  ainoe  it  ia  a shook  wave  oonpxeasion  rather 
than  an  adiabatic  oompraasion,  the  effect  of  Y variations  would  be 
oonsiderably  leas  than  the  effect  in  adiabatic  oompreaaion*  Zt  .ia 
mozw  likely  however  that  the  change  in  the  apeoifio  heat  of  the  gaa 
pooketa  brought  about  by  the  replaoement  of  air  by  pantano  or  ether 
Vapour  waa  not  auff.'cient  for  it  to  have  a diatinotly  measurable 
effect  on  the  properties  of  the  exploaive.  Some  cartridges  of 
T.KtT.  failed  to  detonate  when  they  contained  pentane  ‘vapour,  whilst 
aiidlar  cartridges  containing  air  detonated  oocqpletely,  but  this 
ooourred  only  when  the  diameter  waa  near  the  ndniniun  diaaieter  for 
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8Bi8tfx?BiS8a  taxaseoimK: 


kliqhi  aai  14)1  ftt  OuMlttS 

oWvVQncvj^ 

Ajnblrti  Sootittd* 


k 4i;]^i6aiw  id  ca4  vhibh  oMdii  littli  nvifniTtgimnfit 

to  indifcoa  it  to  taq^o^  4t  i«4tt»  to  tmdorgo  ohtadoal  ^Magoo 
looilna  to  txploolMih  ibo  uooooMry  otlnulua  tuy  oom  turn  tq^ 
out  of  o maibor  of  Moaro&a,  mush  oa  ftiotiea^  i^poot,  flaao* 
olaotrlo  oporkfl  oad  so  m,  sad  ainoo  eocploalsaa  vary  la  thair 
roaotloaa  to  diffaront  atlxauU,  It  is  daalrabla  la  d3.aouaslBg 
aaaaltiTiaias  to  qpaoify  ^ kiad  ot  laitlatlag  agaaqy  in  niad. 
fhaa^  oat  oaq^ltaiirt  my  bo  soty  oonaitlso  to  looltioa  ty  an 
olaotrlo  tipwk  shero&a  aaothoa  nay  bo  aoro  aoaooptiblo  to  Is^ot 
or  friotioa*  la  foot^  tha  aaaa  aaploalva  oaa  bo  aodo  aonaitiTO 
to  Olootrloal  dlaohariaa  ot  to  friction  nartly  by  iatrodnolag  o 
littlo  graphite  la  tha  oaa  oaaa  and  a far  partlolaa  of  grit  la 
tha  otW« 

In  aooa  oaq^Iositaa  tha  oaploelTa  reaotloa,  hovator  laltl4tad« 
iaasltObly  buildo  op  to  dotooatloa,  aenatlRao  vlth  aatoalabiag 
rapidity*  Other  high  oagploidlrao  ro<cijira  a "detonator**  Or  asoa 
a "booster"  Or  "prloar"*  to  inltiato  raaotloa;  In  theao  caaeo* 

If  the  initiatlag  dCYloo  does  Its  voric*  datcaatloa  aeta  la  Icrnad* 
lately*  It  la  tMoesaary*  therefore*  tc  dlatlagalBh  between  tho 
dlreot  Initiation  of  detonation  end  lie  initiation  throogh  en 
intomediary*  Xn  other  worda,  the  aenaltlveneea  of  an  ezploalto 
to  detonatlM  le  not  to  be  oonfuaed  with  Ite  eeneltlreneeB  to 
Ignition. 

Ae  Ite  oane  lapUeOi  eenBltlveneea  to  dotonatloa  la  an 
erolualse  property  of  the  eo«called  high  explosives*  There  -are 
olrouastanoea  • however*  where  a high  exploeive  nay  ?.oae  Its 
ability  to  detonate  ae*  for  example*  when  spread  in  a thin  layer 
on  an  anvil*  It  appears*  thcraforo*  that  aenaitlveneae  to 
detonation  is  a property*  not  of  the  explosive  substance*  but  of 
the  explosive  aystea.  Zn  other  words*  the  geoaetry  of  tbs 
explosive  oharge  and  its  environment  are  faotore  whiob  auat  be 


Uiemt  isic^  Moouat  lioUi  d^alsg  MnaSttveiMM  to. 
io  dotrlcpiog  Bottodo  for  BMAaiireiaMtft 


SenottiTOB— a 


len  iodi 


Zt  hAo  boon  iimooted  that  dir«ot  initlAtioa  of  doton&tleaf 
partloularly  io  ^oadAoBod  a3q;>lo8lvoSf  aomaU^  raqulroo  a datonatoe 
or  prlaer.  Rwiioa,  aenaltlveneaa  to  toto^tloa.  bo  aaaaugad,  la^ 
tto  oatJcaat  detoaotoar  or  primar  oaoabZo  of  Initiation  ^Gatonatloa 
tha  asq^loalTa  charga  in  ^ueatlon(l).  For  raaauaa  of  OFBaatryi  tho 
ao^loalva  ^arga  is  uaual3jr  prepared  la  the  form  of  a cgrlindrioal 
oax^ridga  for  oonvanlanoai  tha  oartrldga  la  firad  ia  tho  opaa* 
Thus  tha  oonditioas  of  test  are  arbitrarilor  ohosen,  but  e:9erlattoa 
has  8ho?»  that  initiators  shioh  funotioo  satisfactorily  uadlar  thssa 
oonditioas  parform  aqually  «all«  if  not  bcttsr,  un&ar  fiald  ooa* 
ditioos  aa«  for  axssplai  ia  borzois  ohargas  or  aacploalTs 
boobs* 

Tha  alaost  uaf.Tsrflal  usa  of  detonators  for  InitiatieB  in 
praotios  BSkar  a miaiouB  detonator  teat  vary  attraetiva  trm  tho 
firaotioal  point  of  vlev,  but  tha  gaomstry  of  this  mtan  is  tamtoso- 
sariZy  oesplicatsd  for  initial  utudy,  sea  Tig*  1 (a;*  i prioar, 
on  the  other  hand,  oaa  bs  made  to  xoatdi  tha  shape  of  tha  raooptor 
and  its  strength  varied  slthout  'naoass&rily  affecting  tha  gaooAt* 
rioal  raqvdrsBisnts  of  tha  test*  Briaar  and  reoaptor  oArtrldgao 
plaoad  in  line  vould  appear  to  offer  tha  si&iplaBt  and  most  9oa« 
vaniant  arrangamsnt  for  axparimantal  pncposas*  Zt  nay  be  Torth 
noting  here  that  tha  gaoDetrioal  basis  of  this  nodal  is  a straight 
UaS;  asituly,  tha  axis  of  syoastxy* 

To  msasura  tha  aensitlvanasa  to  dstoaatiea  of  tha  raotptoa^ 
oartridge*  it  la  naoassary  to  he  able  not  only  to  vaxy  the  strangth, 
or  "initiating  power"  i the  primer  but  also  to  sjgprsss  this 
property  in  teroa  of  sobs  numerloal  quantity*  This  is  usually 
dons  by  separating  the  prixaer  and  receptor  cartridges  and  inorsas- 
ing  the  intervening  gap  in  suooesRlTS  experlaenta  until  the  point 
Is  reached  at  whioh,  on  firing  the  primeri  the  receptor  Just  fails 
to  detonate,  the  oritioal  distance  being  taken  as  an  arbitrary 
oeaaure  of  the  sensitiveness  of  ths  receptor*  The  space  between 
tha  oartridgea  may  ba  filled  with  any  heDOgeneous  medium  but  it  is 
convenient  in  practloe  to  use  air*  The  arrangement  of  thf  gap 
teat  is  illustrated  in  Fig*  1 (b)* 

The  presence  of  a gap  in  the  explosive  oolumn  is  a oouapUoatlon 
which,  as  will  be  seen  shortly,  is  not  altogether  desirable  and 
the  alternative 'may  be  suggested  of  varying  the  initiating  power 
of  the  prinor  by  diluting  it  with  inert  material  and,  this  time, 
taking  the  oritioal  amoimt  of  diluent  required  to  cause  failure  as 
a measure  of  sensitiveness*  This  is  essentially  the  same  test 
only  that  in  this  yersioa  the  reoeptor  cartridge  is  initiated  by  a 
true  "detonation -wave”  in  an  explosive  rather  than  by  the  "ah^oolc- 
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«*t  in  the  njedlum.  a^ereting  the  two  oartxl4gea,  aeo  Ftg, 
t(o)»  Whethac 'ooc  not.  these  is.  ax^  meX  diflferanoe  between-s- 
detonetlon»wewe  eai4pehoaW  wewe- se  regMpds  initletiiig  power  ia  s 
■sUer  which  need  not  eono^  the  preeeat  dSeoeeeicn  because  thw 
wortc  to  be  desoribed  wee  done  with  ei^Iosivee  is  IntiMkte  oonteot* 

The  gap  teat,  however,  will  serve  to  iUustrete  a point  of 
aona  aignifioanoe  whidk.  aay  be  conveniently  oonaidered  at  thi* 
atag^*  Zf  the  teat  is  carried  cut  with  e oonatant  psiatar^  the. 
orltioeX  gap  at  whldi  detonatleB  ia  Juat  tranamitted  to  eadi  oT  n > 
eeriea  of  diffex^nt  receptors  will,  aa  already  seen,  arrange  theae 
reoeptora  in  order  of  their  aenaitiveneea  to  detonation*  Converae- 
ly>  if  a standard  receptor  la  used  with  a range  of  prinera,  the 
orltioal  gap  now  arranges  the  pricers  in  order  of  initiating  powort 
▲otually,  the  oonverae  ia  not  atxlotly  true  beoauae  it  depends  on 
the  doubtful  hypothesis  that  the  decay  of  initiating  power  with 
distanoe  i«  the  satae  for  all  exploaivea;  this  is  iA>j  e oontaot 
taat  preaonta  fewer  oaeqplioations  than  a gap  test* 

Zf,  as  ia  uore  usual  in  oarrylng  out  the  gap  test,  the  aaaa 
eaploalve  la  used  as  prlaar  and  reoSptor,  ezplo^vwa  are  again 
arranged  in  a definite  order  or  aenaitiveneea  to  detonation  but 
this  arrangement  is  not  necessarily  the  sane  aa  that  obtained  tdth 
a standard  prixoer*  It  appears,  therefore,  that  there  are  two 
kinds  of  aenaitiveneaa  to  detonation  and,  ainoe  one  ia  measured  by 
the  maximum  gap  over  which  trana&iseion  oooura  in  a given' exploaire, 
this  ia  oalled  "aenaitiveneea  to  propagation"  and  the  other  "sen- 
sitivenesa  to  initiation"*  There  are,  therefore,  three  primary 
faotora  oonoemed  in  the  double  cartridge  test,  namely,  initiating 
power,  senaitivensaa  to  initiation  and  aensitiveaeBs  to  propagation* 

An  elementary  relation  between  theae  quantities  may  now  be 
noted*  To  measure  the  sanaltiveneaa  to  initiation  of  a receptor, 
the  initiating  power  of  the  primer  must  be  reduced  until  it  Juat 
falls  to  initiate  the  reoaptcr.  In  other  woorda,  the  senaitiveneas 
to  initiation  equals  the  minia’im  effcotive  Initiating  power. 

Again,  the  aensitivanesa  to  propagation  is  the  margin  oy  which  the 
actual  initiating  power  exceeds  the  minimum  effective  v^ue,  or 
aenaitivenoaa  to  initiation*  At  the  limit  for  propagation  the 
initiating  power  of  an  explosive  cartridge  ooinoides  idth  its 
eanaitiveneaa  to  initiation  and  the  aenaitlveuess  to  propagation 
vanishes*  These  statements  reduce .to  the  following  equality s- 

Initiating  power  - eensitiveaess  to  initiation 

m eensitivsneaa  to  propagation* 

This  relationship  derives  from  our  definitions  of  these 
quantities  azd  must  now  await  experimental  verification*  Never- 
theless, it  ie  interesting  to  note  that.  If  this  relation  holds, 
these  three  quantities  have  the  same  dimensions  in  the  mathematioal 
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units,  an  enoooraginc 


vjUi  airM^y  iniioiitada  •^rarlaM&tal  prooedura  tor  carrying 
out  t)M  pr^farrad  fora  of  tha  doulOo-oartridga  iast  U to  ioin  . 
^0  prli^  and  rooaptor  oartrldgaa  and  to  and  in  tha  aaaa  straight 
lino  and  to  aaxy  ona  or  othar  in  a systamatio  nay'  until  tha  point 
to  raaoh^  alaaa,  on  firing  pxinar,  tha  receptor  Just  Xaila  to 
datoastn*  it  thn  oartddgpo  am  oarafuUj  suLda  and.  ara  long^v 
enough  to  anaurs  ataady  datooatlen,  tha  and-point  Is^tUtuaZXjr 
raaarkabJy  sharps  gy  wcyiag  tha  pidaar  and  raoeptor  in  turn, . 
results  idU  be  obtained  shoeing  hoa  tbs  asnaitivansss  to  init- 
iation on  the  ona  hand,  and  tha  initiating  ponar  on  tha  othar, 
eai7  eith  oartain  pVaioal  and  ohasdoal  properties  of  the 
saqploilaaas 

for  axsavlSf  s ssrlss  of  raeaptor  osrtridgss  night  be  prepared 
to  oovar  a oartain  range  of  sansitivanaas  to  initiation}  tite.sa 
could  be  a sarian  of  trinitrotoluana/aaaoxduu  nitrate  ninturas 
oartridgad  at  a oonatant  density  or,  alternatively,  a partioular 
trittitrotoluaaa/aanoninn  nltoata  niactura  oartridi^  at  difflaraat 
diuiaitiaa*  In  thsoa  oases  the  sansitiTanass  to  initiation  night 
be  aaepeoted  to  inoraaaa  nith  inoraaaiag  proportion  of  trinitro- 
toluana  in  the  mixtura  and  to  daoraaaa  eith  increasing  density* 

Tha  nrimar  for  either  or  both  sarlaa  of  oonatant  raoaptora  oould 
be  nitroglyoarina  absorb^  in  Idaaalguhr,  tha  proportion  of  nitro- 
glyoarina  to  kitaalguhr  being  varied  for  each  teat  until  tha  point 
of  failinr  is  aatabliahad*  Tha  propogtion  of  nitroglyoarina  in 
the  oritio  ^ adxtura  la  taken  to  rapraaent  tha  sansitivenasa  to 
initiation  wf  tha  partioular  raoaptor  oonoarned  and,  eban  this  has 
bean  dons  for  all  ths  raoaptors,  the  ooobined  results  shoir  hov  ths 
sansitlvansss  to  initiation  varies  nith  the  oompoaition  of  tha 
trinitratoluana/aiaaouiua  nitrate  nixture  in  );ha  ona  case  and  with 
oartridf^ng  density  in  the  other*  Tha  oonplamantary  prooeas,  of 
oourae',  provides  aiinilar  ioforaation  about  the  initiating  power* 

Suoh  axparlaenta  oan  be  made  with  alooat  any  axploaiva  or 
aiQ>lo8iva/lnart  ooDbiciatioa  but  it  is  not  the  intantlon  hare  to 
ecKgare  esploaivac  but  rather  to  illustrate  oartain  general 
prinoiplaa*  It  ia  proposed,  therefore,  to  deeorlbe  an  experiment 
involving  a receptor  cartridge  having  tvo  stable  rates  of  deton- 
ation and  ao  oombioing  tvo  ejqplosivea  in  onet  Suoh  a oartridga 
may*  be  oxpeoted  to  show  two  levels  of  initiating  power,  eensltive- 
nees  to  initiation  and  senaitiveneBe  to  propagation.  The  par- 
tioxilar  ejglosira  chosen  for  this  experiment  was  flaked  trinitro- 
toluene, else  20  X 30  B.S.S.  oartridged  at  a density  of  1.0  g./ 

0*0*  k 3 cm.  diameter  oartridga  of  this  explosive,  for  example, 
detonates  at  1900  or  4100  m./seo.  depending  on  the  strength  of 
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th»  initlAtcr.  paNibte-i««  ta  dtttxaiiM  th«  ' r 

■tirtMM  vrlMT  rftqudMd  to  £iii4i«lo  OMh  of  thrao  dttoqaitioa 


Stm  «ith  tvo  ratoo  of  datooatioB,  eoa  oartridgo  oan  only 
gi'vo  two  rooidta  anA,  alnot  this  it  not  onough  to  solrt  a probXnn 
izvrolTing  throo  vafiabltn.  It  booenoo  nooosMry  to  tnxj  tho 
Aotcnatlng  proportlM  of  ^ eartridot  in  a nay  vhioh  all2  not 
altar  tha  aiploaina  oc  thn  l>aata  ■ndalp-  fkLanio^te  . 

dent  qoita  dluply  ty  Tazyisg  tha  d1  attar  of  tha  oartridga,  ahidk 
Sa  ohvioualy  an  axhitraxy  faotor.  ftat  it  bapota  poaalblai  at 
laaat  in  ^Mocyi  to  produoa  two  inflaita  aariaa  of  roaulta  from  •• 
OM  axpXeaiwa  of  et  jprain  also  at  ot  daaaity*  Qr  waxylng  tha 
alt  and  dtaaity»  tha  raaulta  may,  if  aaeaaaaiy,  ba  aultipllad 
without  and* 

Zt  raoaiaa  now  to  find  a niaannn  unit  for  aaaaurlag  tha 
arploaiva  propartiaa  of  tha  oartridfa*  If,  aa  aaat  likalyf 
tha  initiatiag  poaar  ia  a funotlon  of  tdia  walooity  of  datonatj.oa, 
a waik  pritr  may  ba  axpaotad  to  initiata  datonatton  ia  tha  r«» 
oaptor  at  a.  lowar  rata  than  a atroog  ona  aad  t oan  tbwafera 
taaura  tha  atraagth  of  a pritr  by  tha  tgnitnda  of  tha  initial 
walooity  iaduoad  ia  tha  raoaptor.  On  thia  wiav»  tha  ntnlMai 
Initiating  poaar  tadod  to  anaui'a  ooaaplata  datoaaUon  of  a ra* 
oaptCTi  i«a«  tha  aanaitivanoaa  to  initiation  of  tha  raoapteri  it 
uaaur^  bjr  tha  nlniart  iaitlaX  rata  of  datonation  which  anauraa 
ooaplata  propagation*  Siailarlyt  tha  aaaaitiveaoaB  to  propagation 
ia  raproaontfd  by  tha  nargin  batwaan  tha  atabla  valua  of  tha 
datonation  ralcoity  aad  thia  eriUoal  initial  walua*  Tbaa»  by 
photographing  tha  doublo-oartridga  taat  on  a noving  filn  and 
Bteaauring  the  initial  aad  final  rataa  of  datonation  in  tha  ra* 
oaptor f it  ihould  ba  posalbla  to  obtain  q^aatitatlra  meaauraaenta 
of  tha  initiating  power | aeoaltiveness  to  initiation  and  aenaitiTO- 
naaa  to  propagation.  Thia  aaaxmaa,  of  acwaa,  that  all  thraa 
O^uantitlaa  are  fUnotiona  of  tha  rata  of  datonation  and  that  tha 
prooaaa  of  attaining  stable  detonation  la  auffloiently  gradual 
to  be  cbaarraUa* 

Aa  will  be  aeen  from  tha  apaoiaan  photographa  reproduced  in 
Tig*  3f  the  explosive  ohosen  for  the  experiment  does  in  faot  lend 
itaelf  to  thia  technique  and  it  was  found  possible,  by  examining 
the  photographa  with  a oosparator  and  aeaeuring  the  tangenta  to 
the  traoe  at  varloua  pointS)  to  plot  the  rate  of  detonation  against 
diatanoe  along  the  receptor  oartridge.  By  extrapolating  to  the 
point  where  primer  and  receptor  meet,  the  starting  rate  in  the 
receptor  was  obtained.  The-  method  is  not  very  aoourate  but  by 
uaing  different  aets  of  primers,  several  values  far  the  aamm 
result  were  obtained  and  an  average  taken. 
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priman  o—d  w in  two  gro^p•,  (o)  ptortto,  idtrotid 
dcttcauOooL-oad^o^  BtMwrnlil  oaylowttw  oH 

oortriaigid;  tewiitiwo  oaft.  altrogljo«rio»/fafcMa^^ 

pwotoerytUritol  totroatt^oW^wwaott  ow  ftoA  trlnitrotoluano/^ 
ooMMsa  salt  olxtusso  sT  wscyiag:  prqpdi’ttops^  Tho  priosr  oar« 
trtdswa  ««rs  usuaX!/'^  is*  loi^  wfaidi^ts-  soffloLsat  to 

satShHsh  stsblt  Astoostioii*  Bj  vazylng  ths  dsa^tp^  tfecitp  (a) 
as&  ths  ossposities  is  group  (b)»  ths  oritlosl  oonditicns  for 
InitistlBo  wars  satsbllshsd  for  ths  trinitrQtQliist^  rso^ptor 
osstxldgt  is  diffsrsst  41ssstsrB» 

gssults 

Zs  i is*  dlaastsr  osrtridgssi  fliksd  tfii^(4rotolusaS|  sis# 

20  X 30  B«8.S«,  osrtridgsd  at  a dsssitj  of  1*0  g*/o*o*  did  not 
propagats  dstoaatieQi  howswsr  wall  prtMd* 

Is  1 isu  diasstsr  oartridgas*  tl*is  txplosiwa,  it  tnittatad 
at  aof  spsad  batwaaa  about  1#600  and  3«200  a*/sae.f  aooslaratsd 
or  dsoalaratad  until  ths  rats  of  dstonaites  raaohsd  a flgurs  cf 
approxioataly  1|700  su/sso*,  aftar  vhioh  it  raaalasd  stsady. 

Zf  initiatad  at  anything  balov  l»d00  dstonatioa  disd  out 

aadt  if  initiatad  at  anything  abowa  5tM  B«/ase*  * tho  rats  at 
dstonatioa  bsoass  ataady  at  approadaatsZy  5»400  B«/aao* 

Zn  13/1^  ia*  diaxsstsr  oartridgas.  ths  aaas  aaploaiws,  if 
initiatsd  at  apssda  bstwasn  about  and  2*400  m»/aao»p 
asttXad  dotm  to  a atabls  rsgins  at  approxioatsly  St/aso** 
ahsrsas  if  initiatad  at  spssds  sxossding  2*400  n»/sso*  * its 
final  Tslooity  of  dstonatioa  was  approxioatsiy  4*100  a*/sso* 

Xa  l|  in.  diaBastsr  oartridgss*  this  aaplooiaa  had  only  eaa 
atabla  valooity  of  dstonatten  whioh  was  apsrttdoatsly  4*4(n 
B«/sso«  this  rsqpirad  a minlwni  initiating  apaad  of  about 
1*200  B«/aso* 

DlffiouClty  was  sxpsrisnosd  in  producing  prlasrs  which  wars 
too  weak  to  initiate  this  sjqploaiTS  so  that  ths  adnisus  iniUat-.  , 
ing  yalooitisa  for  the  low  relooity  regias  are  a littls  unosrtaia* 

Ths  raoults  are  rsproduosd  graphioally  in  Tig*  2 and  it  will 
be  assn  that  th«y  fom  two  pairs  of  intsraeoting  linos*  ths 
upper  line  of  each  pair  repraasnting  ths  stable  yalooity  of 
Uatonatioa*  or  initiating  peter,  of  the  regins  oonoemsd  and  ths 
lover  representing  the  Hriniann  effeotlwe  initiating  rats,  or 
sensitivenssa  to  initiation.  Tnus,  AB  reprsaents  tbs  initiating 
power  of  the  high  velocity  reglas,  BO  the  aenaitiveness  to 
high  velocity  initiation,  OD  ths  initiating  power  of  the  low 
velooity  regiae  and  OB  the  sensitiveness  to  low  vslooity 
initiation* 


4d9 


JMAM  taK  OyMDlt 


M pe£Bt»  of  ialtmeiictt  B Mft  !>»  th«^  Initiating  povtr 
thn  MmdtivMMM  to- initiniim  and^  da^nition*  thia 
diatinguiahan  tho  Uidtii«  iiasatar  far  propagatiea.  Tho  fM 
timt  oartridgaa  of  alightly  lovar  diaaatar  oo«^  net  bo  aada  to 
datooato  cx^plataly»  araa  nith  tha  haaviaat  prining,  that  oonfiSM 
axpaotntloBa*  VooSi ovary  as  tha  oartridga  dianatar  inaraasaa 

abosa  tha  aalua»  tho  linas  art  seaa  to  dlTarga»  ahaalBC 

^1^  aaaaitlaaBaaa  ta  saagagpitiaii  iaoraasas  with  oartrldgia 
diaaotar*  This  la  also  a «aXl-aatabX£ahad  axparlaastaX  fhat. 


At  0 tiia  initiatlas  pawar  of  tha  atabiliaad  lor  aalooitp 
ragiaa  atmals  tha  sansititacoss  to  initiatiaa  of  tha  hlg)i  valooit/ 
rtirliw,  with  tha  rasult  that  tha  ona  loads  to  tha  otbar*  Zf«  as 
aaaas  likaljy  tha  bulU-up  of  datonatioa  ooours  at  dlffarant  xatas 
oadar  tha  two  ragiaasy  tha  valoolty  ourva  r'‘ouId  sviffar  aa  abrupt 
of  slapa  at  thia  point,  for  axamla,  if  a osHrldga  of^ 
tha  oritioal  dlaaatar  sara  to  ba  initlatai  at  tha  niacUwa  offaotirs 
ratoy  nhioh  aooordiag  to  fig.  2 U approxiaataljr  1y400  «./sao.y 
datonatioa  aooolaratas  at  tha  diaraotaristio  *lov  valocitf*  rata 
ts  to  about  2y000  a./sao.»  at  shioh  point  tha  ohaaga-ovar  ooours 
andy  tiiaraaftary  aooolaration  prooaads  at  tha  *hi^  Ttlooilgr*  rota. 
Zt  aa/  ba  fUrthor  aaUoipatad  that  tha  lino  BO  eontinuas  bayend 
0 and  thaty  abovs  tha  oritioal  diaaatar,  tha  lov  Ttlooity  rtgiaa 
mduallf  disappaars.  Photographs  takM  in  this  ragloa  boar  out 
thsaa  infaranoasy  at  Isast  in  a qualitativa  isj.  Zn  faoty  this 
phanoDMoa  has  boon  obsarred  and  oaBsonted  on  bafora(2)  but  no 
adagMita  axplanation  of  tha  aaohanisa  of  tha  ohanga-ovar  has 
praaloualy  bsaa  offsrad* 


Anothar  intarasting  faatura  of  tha  results  is  the  indioation 
that  tha  sansitivanass  to  initiation  of  a glTon  axploaiTB  Tsrias 
uith  oax*tridga  disoatary  tha  sqiallar  diaaatar  oartridges  being 
■ora  diffioult  to  initiate.  Thia  oonflzma  tha  aarliar  infaranoay 
based  on  other  aridanoay  that  sensitiveness  to  datonation  ^ 
property  of  tho  azplosiTs  oartridge  or  ^larga  rather  than  that  of 
tho  aiqploaiva  aubatanoo. 
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Tha  fact  that  the  mlnlmBn  diameter  for  propagation  of  deton- 
ation ia  tha  sasta  for  both  high  and  lor  velooitios  of  detonation 
aay  bo  fortuitous  because  there  iu  evidenoe  that  thia  is  not  the 
^e  uith  other  tro-velooity  exploaivue.  Thus  Blasting  Qelstina 
detonates  at  the  high  relooity  in  diaaators  too  ccall  to  propagate 
low  welooity  detonation  whereas  the  opposite  la  true  for  Polar 

Saxonite  Ho.  }• 

>)•  said  in  concluaion  that  the  results  of  the  sxpeid- 
aenta  deaoribod  above  confirm  predictions  relating  to  the  beha^our 
of  detonation  in  a two-velooity  explosive  which  were  based  w the 
sssusmtions  that  initiating  power,  sensitivenees  to  initiatiOT  m 
•onaitivonose  to  propagotton  are  Inter-reiated  and  can  be  dsflnsd 
in  tenaa  of  the  rate  of  detonation. 


i 
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(1)  !•  llnnhAll  Tel.  2.  p»  429* 

Loaoeo* 

f 2)  1.  Jbaee  ITeture  , 1^,  1949,  99. 
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ZNIBOODCTZCi 

An  «9«rlMntnI  tivdj  of  tte  fAotora  eootrolllag  Inltlntian 
of  <lat<»«aation  in  liq^ot  of  aptid  firactaanta  hna  bean  mdertakaiu 
9ia  firat  pbasa  haa  boon  alaad.at  an  ttadaraUadiag  of  tha  nasQr 
ovapaaeiaa  in  tha  litaratura,''^'  TatxTl  vaa  naad  baeanaa  of  eon- 
. TBBlcAea  of  IM  talatlral^  hi^h  aanaitifltj^  vith  Cenpoaition  B (6oAo 
OfelflBita  HR)  for  eonparlaoa* 

UpTffiiiH  Aifft 

It  vaa  f omd  that  datonatioii  aaa  initlatad^  if  at  all. 
althar  at  tha  aerfaea  of  Sapaet  or  ahara  tsploaiTa  vaa  trapped  batuata 
a projaotUa  and  a baeklng  |^ta«  laithar  a backing  plate  nor  tha 
thtckmaa  of  tha  asploaiaa  (abofa  the  erltloal  dlaaetar)  affaotad  the 
firat  prooaaa.  Bb  boning  atartlng  at  tha  initial  lapaet  of  the  pro- 
jaotila  haa  been  obaanrad.  Ignition  frequently  raaolta  from  flaeh 
of  the  prodaotila  againat  a baokatop,  following  braaki-up  of  the  charge 
by  the  par  ^eotiIe«  aa  aeon  in  Figure  !•  In  one  eaaa  a x X* 

Cenpoaition  B Uiao  atroek  ty  a Caliber  *50  flat-ended  ataal  alog 
apelladf  apparautly  la  poedarad  fom.  and  tha  apall  vaa  Ignited  or 
detooatM  at  Inpaot  on  the  no^  baokaton,  ^vlng  a bright  fieri)* 
Ta^tryl  pelleta  (danaity  l«Iid  «•  0*Qh  g/oo;  1/!Z*  t^ok  burned*  under 
^be  eonditlona  of  thaaa  asqperlMnta*  vhan  atniok  by  Caliber  *30  oaz«» 
blue  ball  (idiioh  haa  aa  approKlaately  benlspherloal  noaa)  at  velool* 
tiea  aberra  TOO  a^a*  while  a Tolooity  of  900  n/a  vaa  required  vith  1* 
thick  peilata.  At  relooitlea  vp  to  1000  n/a  neither  Caliber  *30  nor 
,50  atandard  ball*  vfaieh  hare  atrofunlined  eontoura*  oauaed 
bomlag  or  detonation  of  aa  uiibaoked  charge.  Tha  charge*  vhether  ^ 
oaat  or  praaaed  exploalTa*  einplj  broke  up  under  impact.  Aa  KoubaC*) 
reported  in  19U7#  riiapa*  else*  and  Telocity*  not  aaaa  and  relocity* 
of  tte  projectile  dateralne  iho  reault.  Cbargea  backed  by  natal 
detonated  vithin  the  hole  in  the  back  plate*  aa  could  be  seen  by 
ebaeiration  of  the  plate. 
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FlaV«ntet  to»ar  cj±ixcim^  ct  tMxiotu  lesj^s  v»z«  flrtdT 
cgadiiatr  Tatar!-  tad  east  Cec^ostttat  la  far  as  paraibla  £n  nipld 
setting  typ  of  ehargas,  Ispaet  was  iicxwl*  Bm  rest^  on  the  affeet 
of  tiie  shape  of  the  impacting  surface  of  the  pro^acizle  lead  te  the 
einnelttsioaa  that  swan  variations  froa  nonaX  veidc  tacre  little  effect* 
idLace  a anall  area  of  contact  is  ineffective  at  the  ^odtles  need* 
tfo  effaet  of  aaaa  eas  obaarved  vith. differing  langthu  Tha  IfSiiah 
veZod^  at  shidk  a projectile  oauoed  detonation  «a£  sensitive  to  the 
dianeter  of  the  projectile  but  not  to  its  length*  laiiber  ^30  oyll^ 
ders  do  not  detoMte  Coeq)  B at  velodtiaa  up  to  lOOC  a/seo*  Figure  2 
gives  results  with  Caliber  *50  orlindere*  Figure  3 £i.v6e  results  vith 
Caliber  *30  cylinders  fired  against  TStaylf  plottda^ilast  velodiy 
and  against  ktnatic  energy*  Zt  Is  seen  that  the  $32^  correlation 
vith  kinetto  anergy  results  only  free  the  erCl  rasgfe  of  nassee  used*. 
*iartlal  detenation*  naans  that  detonation  vas  folSnaid  by  bunking*, 
tda  la  dbosa  by  the  Jagged  irregularities  in  tbe  Indaodty  esen  in 
friuMS  of  the  higb*flp^  notion  pietures  foUoulng  Ha  single  fraee 
overea^sed  by  the  Itninotie  airidiook  reeniltljkg  Aran  mtonation^  ag 
veil  as  by  veiy  asaysMtele  ihock  f^ts  in  one*half  xLsroseeond  single 
fraae  photographs*  figure  h gives  aacaa^plesi  vhlle  F^^^^rre  5 shows 
detonations  believed  to  be  ecnplete*  The  im  "lav  irdor  detonation* 
has  been  avoided  bsoause  it  appears  to  hsnre  as  eazy  s^nings  as  thers 
srs  authors  in  the  literature  of  initiation*  aieaegutte  detonation 
oan  also  bs  dsteoted  by  the  apparent  duration  of  the  InalDodty*  With 
the  22g  to  kSg  Tetayl  pellets  used^  file  hlaoHenlng  AHoved  dstona* 
tloD  for  3 to  12  ailHsoeonds*  When  burning  but  no  »tonation  oeour- 
red|  the  apparent  luadnosity  persisted  for  30  to  60  dllisaconds*  The 
partiotlar  valnss  are«  of  oouroe^  without  sigklficanaa*  since  they 
depend  on  the  photographie  aethod  and  on  the  dse  of  the  ehargej  but 
the  absenoe  of  overlap  eoggesta  that  a praotioal  flelE  test  for  eoBb- 
plete  detonation  eould  bo  domloped  Aron  observatlcos  of  tlBse  of 
ICBdnosity  with  particular  charges  sad  cameras*  Rrritsbly  the  longer 
tines  of  luminosity  obsorved  following  dstenations  result  trem  burning 
following  inoonplste  dsteaation*  The  data  reported  lore  are  not 
suited  to  a statistical  test  of  the  reliability  of  ta:s  method  of 
identifying  oonplete  high  order  detonations^  as  nost  uf  then  vers 
obtained  in  tha  oourae  of  axperiaentation  with  ths  Irstrunentation* 
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All  of  the  results  are  oonaiatent  with  tha  5isa  that  inpaot 
is  effective  in  initiating  detonation  idken  It  produces  a hig>i  gi'adlent 
of  eompreaslon  and  therefore  of  teaperature*  Ih  bac'K*nl  exploalvesj 
this  nay  occur  In  a layer  trapped  b^veen  projectile  aid  backing. 

With  a bare  free  charge  struck  by  a blunt^nded  prooediile  a strong 
compression  shook  is  propogatedj  while  vith  a etreacliii^d  prcjectile 
the  pressure  ie  relieved  by  the  motaon  of  the  explosd’w  sidevrise*  Hot 
spotSf  which  Bowden  and  co^'orkere'^'  hzi'.'e  found  so  dj.Tortant  in  thin 
fUaSf  ns/  be  essential  also  in  Initiating  detonation  in  bulk 
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explosives.  Thcr  will  always  be  provldcd^  bjr  the  cremtler  nature  oC 

Bdlitarr  explosivsfti  ®vea  i»  ai»aaca  of  the  fowlgn  materiel 

'ttsaaliy  present.  A gradual  rise  lit  temperature  is  ineffective  becau|^ 
ttte  a^loaive  decdi'roses  thermally  or  burns  beferfr  tha  temperature^ 
requlrett  f or  deton^^tion  is  reached,  whiles  ahoefc  or  entrapment  oT a 
thlnlaver  raises  tl*®  temperature  too  rapidly  for  the  slow^aotion  to 
occur  before  the  raore  rapid  one.  If  a shock  mechanism  is  rTe  effective 
cne,  no  *»^^ect  of  Vl'®  P®**  projectiles  5«q>actlj«  on  a 

bare  diarS  diould  ho  observable,  since  the  detonation / jcuts  withlB 
a feemicrosecorxrs  after  l»f>aeW  Aft  extxaaely  short  projactlls  would, 
be  required  to  show  a nase  effect  in  this  short  time,  Kor  should  the 
mtei*ial  of  the  px*o,)eotile  be  of  importance.  Only  a material  softer 
than  the  exoloeivt  veulti  be  sufficiently  easily  defonaed  to  reduce 
the  shock  strength  appreciably. 

The  offeet'lvoiioaa  of  backing  a thin  layer  of  explosive  may 
under  some  dreumotancee  result  from  the  Increase  in  shock  'ngth 
occurring  at  refleotion,  la  thicker  layers  decay  would  prcv..vat 
initiation  at  the  #*urface  of  reflection  by  ^ocks  too  weak  to  be 
effective  at  tho  gurface  of  Inpaot. 

It  ie  planned  to  chack  these  points  and  to  greatly  extend 
the  range  of  proJeotU®  nasses  used  in  order  to  distinguish  more 
positively  between  area  and  mass  effeote. 

IKSXRQMEMlATICaf 

Projeotliav  ^ ® modified  machine  gun  or  a Mann 

barrel,  vaxylng  th#  velocl^/  by  changing  the  powder  load.  Tho  voloolty 
of  each  round  is  maftmired  07  foil  screene  triggering  1.6  megacycle 
Potter  counters  thl’O^  ® simple  pulse  shaping  and  lock-out  circuit* 
Ibree  screens  are  uped  io  « distance  of  1 ooter* 

Observations  are  made  with  Kodak  or  Fastax  high-speed  cameras 
arri  with  Mbdel  Noi  1^203-1  (one-half  microsecond  exposure)  Rapatronlo 
caoera8.(2)  The  phntoalectric  trigger  circuit  of  tho  latter  camoxo 
furnished  with  the  faraday  shutter  is  not  satisfactory  for  initiation 
work  as  the  delay  varies  with  light  Intensity,  usually  exceeding  20 
microseconds  from  impact.  Thus,  «i8  air  shock  following 

complete  detonation  is  is  seen.  As  it  would  be  excessively 

Inconvenient  to  usg  any  other  type  of  triggering,  a circuit  with  a 
sraller  delay  wae  bubatituted.  Triggering  on  tho  Initial  flash  is 
still  not  obtained  srid  fiTther  work  ie  required  to  give  a reliable 
interpretation  of  all  tlie  results*  It  is  hoped  to  Improve  this  part 
of  the  instrumentation  and  use  two  Faraday  caner».s  with  a known 
interval  between  evP'^surea  to  observe  separately  tho  first  stage  of 
initiation  and  the  /uirshock  fomed  when  detenution  is  ccirnletc*  The 
photoelectric  trlgy®^'  operate  unless  some  detonaMon  occurs. 

Each  round  which  +i'lL'C®rs  the  Faraday  ca.-ncra  gives  a singlt.  over- 
exposed frame  on  tli«  Fastax  followed  by  a short  pe»*1od  of  luminosity. 

In  spite  of  the  clOP®  agreement  of  results  of  the  tv,ij  typos  of  cameras 
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m the-  ocfytify»€»-  detonattott^.  the  iise  of  two  typos  or  conora 
XMd  «>>  » fAtHw  underataodio^  ct  the  partial  dotonationo  by 
an  extended  view  end  cam  rapid  otiopg’i  to  show  the  fem  of  the  alrshodlt. 

A Polaroldwtand  back  ott  the  Hepatro«rf.c  esroara  makes  Immediate  observe* 
tl<Mi  of  the  result  of  each  rotstd  possible^  a groat  oonvenienco  In 
field  firings*  ! 

Little  reliance  can  be  placed  on  direct  dbservatloiu  Uith 
bare  chargee  the  eound  eorreLates  with  the  oecurronee  of  detonation 
bfot^gtaewma  iadieetlne  eC  ite  extenW  Uitli  badted  chargee  even  tiile 
cannot  be  said*  Some  effort  was  made  In  ttiO  first  firings  to  ia^rove 
the  eetimates  made  without  InstruMontatlon  by  the  use  of  vltneso 
platesi  viewing  in  a mirror^  etc*  The  reliability  of  such  estlmatee 
remained  so  low  that  they  were  abandoned*  < 

As  hits  near  the  edge  of  a charge  are  ralatively  ineffective, 
the  hlgh-^ed  camera  record  was  used  to  detemlne  the  point  of  im^ot. 
Uouads  on  which  neither  the  projectile  nor  the  point  of  Is^aot  ootid 
be  seen  were  discarded*  The  cast  charges  were  X-rayed  for  unlfomitgr  ; 
but  only  those  with  gross  defects,  suoh  as  cavities,  were  discarded.  j 
They  were  pr«pe«*i  ^ euttlait  fma.  a cosefxiUy  cast  oylixvier  and  are 
cosudderal^  more  tsiifom  than  servise  rounds*  Nine  Tetr^  pellets 
had  densities  ranging  from  1*U5  to  l*55i  suggesting  a lower  degree  ! 
of  unlfonalty*  As  sensitivity  is  known  to  vary  with  density,  this  1 

variability  W account  for  much  of  the  variation  in  results  seen  in  I 

Figure  UA«  I 

Future  work  will  be  directed  toward  a better  understanding 
of  resiats  of  practical  weapons  tests,  so  that  reliable  predlctiooe  v 
con  seUle  of  the  results  of  new  conditions* 
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